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We  suggest  that  working  memory  (WM)  performance  can  be conceptualized  as  the  interplay  of  low-level
feature  binding  processes  and top-down  control,  relating  to posterior  and  frontal  brain  regions  and  their
interaction  in  a distributed  neural  network.  We  propose  that due  to age-differential  trajectories  of poste-
rior and  frontal  brain  regions  top-down  control  processes  are  not  fully  mature  until  young  adulthood  and
show marked  decline  with  advancing  age,  whereas  binding  processes  are  relatively  mature  in  children,
but  show  senescent  decline  in  older  adults.  A  review  of  the  literature  spanning  from  middle  childhood  to
old age  shows  that  binding  and  top-down  control processes  undergo  profound  changes  across  the  lifes-EG
ifespan psychology
op-down control
pan. We  illustrate  commonalities  and  dissimilarities  between  children,  younger  adults,  and  older  adults
reﬂecting  the  change  in the  two  components’  relative  contribution  to visual  WM  performance  across  the
lifespan using  results  from  our  own  lab.  We  conclude  that an  integrated  account  of visual  WM  lifespan
changes  combining  research  from  behavioral  neuroscience  and  cognitive  psychology  of child  develop-
ment  as  well  as  aging  research  opens  avenues  to advance  our understanding  of  cognition  in general.©  2012  Elsevier  Ltd.  All  rights  reserved.
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. Introduction
Working memory (WM),  our ability to maintain and manipulate
Engle, 2002; Gathercole et al., 2004; Luck and Vogel, 1997; Park and
Payer, 2006).nformation to guide goal-directed behavior, is critically limited
nd characterized by large differences among individuals of the
ame age as well as marked age-related trends (Cowan et al., 2005;
∗ Corresponding author.
E-mail address: sander@mpib-berlin.mpg.de (M.C. Sander).
149-7634/$ – see front matter © 2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.neubiorev.2012.06.004Neurally inspired models of visual WM assume that the abil-
ity to brieﬂy retain information that was  previously experienced,
but no longer exists in the environment, emerges from the coor-
dinated interactions of an extended neural network (D’Esposito,
2007; Postle, 2006). This network involves occipital, mediotem-
poral, parietal and prefrontal brain regions (Linden, 2007;
Zimmer, 2008). The internal neural representations are generally
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be given to the interplay of integration processes across differ-
ent temporal and spatial scales, and their relation to oscillations
at speciﬁc frequency bands. We  will review the available evidence008 M.C. Sander et al. / Neuroscience and B
hort-lived but can be actively maintained to guide behavior,
ossibly via appropriate rehearsal or refreshment mechanisms
D’Esposito, 2007). The main assumption of neural WM models is:
if the brain can represent it, the brain can also demonstrate work-
ng memory for it” (Postle, 2006, p. 29). Accordingly, the question
f how information is represented in a distributed neural network
omes to the fore.
Given that incoming perceptual information in the brain is
rocessed in a distributed network in a highly parallel manner,
ormation of (mnemonic) representations is closely related to the
uccessful integration of this information at different levels, a func-
ion called binding (Hommel and Colzato, 2004; Treisman, 1996;
reisman and Gelade, 1980; Zimmer et al., 2006a).  Basic forms of
inding processes refer to the integration of features within objects
s well as the integration of several objects and their relation in
rder to build a coherent representation (Treisman, 1996; Treisman
nd Gelade, 1980). Memory representations can thus be considered
s traces of low-level feature and relational binding mechanisms
Zimmer et al., 2006b).  Accordingly, the efﬁciency of binding mech-
nisms can be a limiting factor for memory performance and may
xplain individual and age variations in WM performance.
Alongside basic binding mechanisms, at a higher level, the inte-
ration of information across different brain regions in extended
etworks is important for higher order cognition and WM per-
ormance. Contributions of the prefrontal cortex (PFC) in the
oordination of information processing in distributed networks
ritically determine WM performance. “Top-down” signals from
FC are thought to bias information processing in posterior brain
egions (Desimone and Duncan, 1995), contributing to the encod-
ng, maintenance, and retrieval of representations in WM (Miller
nd Cohen, 2001).
Neural mechanisms of information processing in distributed
etworks depend on the precise timing of neuronal ﬁring within
nd across brain regions (Varela et al., 2001). Synchronized oscil-
atory activity in the theta (∼3 to 7 Hz), alpha (∼7 to 14 Hz), and
amma  band (>30 Hz), and the interplay of these frequencies has
een shown to contribute differentially to WM performance. Theta
ctivity is primarily associated with top-down control processes
Jutras and Buffalo, 2010; Sauseng et al., 2010). Gamma activity
nd the interaction of gamma  and theta activity seem to be closely
elated to feature-binding processes and the observed capacity lim-
ts in WM performance (Axmacher et al., 2010; Sauseng et al., 2009).
lpha activity contributes to WM performance by gating informa-
ion and inhibitory control of irrelevant information (Jensen and
azaheri, 2010).
Taken together, WM performance reﬂects the outcome of pro-
essing at multiple hierarchical levels, including the analysis of
ow-level features and their integration or binding into higher-level
epresentations in interaction with top-down control processes to
econstruct a stable mental representation of previously experi-
nced information (Ranganath, 2006).
In this article we review age-related differences in WM from
iddle childhood to old age in order to reach a better understand-
ng of the mechanisms through which visual WM performance
nd its capacity limits emerge. This goal parallels part of the gen-
ral objective of memory researchers to derive mechanistic and
rocess-oriented explanations for the observed capacity limits WM
erformance. The focus of this review on maturational and senes-
ent changes in WM is motivated by the empirical observation that
M functions undergo profound and continuous changes across
he lifespan. Across all modalities and domains, WM performance
ncreases across childhood (Conklin et al., 2007; Gathercole, 1999;
uciana et al., 2005), and decreases monotonically during adult-
ood, with accelerated decline in old age (Borella et al., 2008;
owan et al., 2006; Hasher and Zacks, 1988; Park and Payer,
006; Park and Reuter-Lorenz, 2009; West, 1999). Despite surfaceavioral Reviews 36 (2012) 2007–2033
similarities between children’s and older adults’ performance, lifes-
pan psychology posits that the mechanisms of senescence are not
a mere reversal or mirror function of the mechanisms of matura-
tion (Baltes et al., 2006; Craik and Bialystok, 2006). Thus, although
age can be seen as a critical source of variation in WM performance,
the important task of lifespan research is to unfold this variation by
identifying mechanisms, both at the neural and the behavioral level,
that inﬂuence WM and vary with age. Advances in developmental
cognitive neuroscience have revealed widespread neurochemical,
neuroanatomical, and functional changes of the human brain across
the lifespan (Bäckman et al., 2006; Li et al., 2001; Rodrigue and
Kennedy, 2011). However, the way such age-related changes shape
and modulate information processing in neural memory networks
and relate to cognitive performance is only poorly understood.
There is a lack of studies investigating both ends of the lifespan with
the same paradigm and trying to relate behavioral performance to
models of neural information processing.
As an exception, Shing et al. (2008, 2010) recently suggested
a two-component framework of episodic memory to inform lifes-
pan research. The integrative framework was  derived on the basis
of a series of studies examining both children and older adults
that provided valuable insights into the age-differential interplay
of associative and strategic components in episodic memory.
The present review extends this framework to visual WM
functioning by positing that WM performance can be similarly con-
ceptualized as the interplay of two components, namely low-level
feature binding processes and top-down control, relating to poste-
rior and frontal brain regions and their interaction in a distributed
neural network. This notion is based on the observation that pos-
terior and frontal brain regions undergo nonlinear, heterochronic
changes across the lifespan and are differentially affected by effects
of maturation, learning and senescence (Gogtay et al., 2004; Raz
et al., 2005; Raz and Rodrigue, 2006; Sowell et al., 2003, 2004;
Zimmerman et al., 2006). By middle childhood, most posterior brain
regions are relatively mature. In medio-temporal regions, matura-
tion is still incomplete at this age (Ghetti et al., 2010), and the same
holds true for frontal brain regions, which show continued matu-
rational reﬁnement until young adulthood. In contrast, in old age,
most posterior, medio-temporal, and frontal brain regions undergo
senescent decline (e.g. Raz et al., 2005). Based on this observation,
we suggest that the relative contributions of the binding and the
top-down control component to WM performance change with
age. Thus, the overarching goal of the present review is to chart
the changes in WM-relevant neural networks of children and older
adults, and to relate them to behavioral evidence on age-related dif-
ferences in WM performance, with special attention to top-down
control, feature binding processes, and their interaction. Given the
large amount of available lifespan evidence from the visual modal-
ity as well as a focus of our own  research in this domain, we will
mainly concentrate our discussions on visual WM.
To achieve this goal, the following review is structured into four
sections. First, we brieﬂy outline the neural architecture of the WM
network, with an emphasis on interactions between posterior and
frontal brain regions1. We will then turn to senescent changes and
maturational changes in the WM network, and their relation to
the interaction of low-level feature binding and top-down control
processes. Second, neural mechanisms of information processing
in extended neural networks are discussed. Special attention will1 We will focus our review on research in humans; for related reviews on the
neural basis of WM in non-human primates, the interested reader is referred to
Romanski (2004) and Watanabe (2002).
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2M.C. Sander et al. / Neuroscience and B
n age-related changes in oscillatory mechanisms and their rela-
ion to WM performance, ﬁrst with regard to changes in older
ge, then with regard to childhood development. Third, we will
iece together the available evidence from child developmental
nd aging research in order to delineate WM mechanisms that are
ensitive to age, and derive hypotheses about age-graded changes
n these mechanisms. Primarily drawing on ﬁndings from our own
aboratory, we will provide preliminary evidence for a lifespan dis-
ociation of top-down control and binding mechanisms in WM,  and
dvocate a two-component of lifespan WM development. We  will
iscuss commonalities and differences in the functional architec-
ure of WM between children, younger adults, and older adults,
nd highlight the potential contribution of a lifespan perspective to
eneral models of WM.  Finally, we note the limitations of the two-
omponent framework, and raise questions for future research.
. The neural network supporting WM performance
.1. Functional neuroanatomy of the working memory network
Over the last decades neuroscientiﬁc research has greatly
dvanced our understanding of the neural basis of WM.  Neu-
al models of WM suggest that it cannot be mapped to a single
rain area but should be considered as an emergent property
rising from the interactions of an extended fronto-posterior net-
ork (D’Esposito, 2007; Linden, 2007; Postle, 2006; Zimmer, 2008)
nvolving occipital, mediotemporal, parietal, and prefrontal brain
egions. Put simply, WM results from prefrontally mediated con-
rol directed toward posterior neural systems that serve sensory
nd perceptual functions. In this sense, neural models of WM refer
o a “sensory recruitment” idea (Serences et al., 2009). Along this
ine of reasoning, information is maintained at multiple levels of
nalysis by persistent activity in those brain regions in which it is
rocessed in the ﬁrst place, depending on the level of representa-
ion. For instance, Serences et al. (2009) observed stimulus speciﬁc
ctivation patterns in sensory areas during the delay period of a
emory task (see also Ester et al., 2009). Activation patterns were
urther modulated by task relevance, providing evidence for the
nteraction of top-down control and early representational formats
f information in WM.
Besides delay activation in sensory and temporal multimodal
ssociation areas, several neuroimaging studies point to the impor-
ance of the posterior parietal cortex (PPC) as a core region for WM
erformance. Using a color change detection paradigm, Todd and
arois (2004) found that during the retention interval, the blood
xygenation level dependent (BOLD) signal in PPC tracked the num-
er of items in WM and leveled off as WM capacity limits were
eached (see also Sheremata et al., 2010). PPC activity correlates
ith individual differences in WM capacity (Todd and Marois, 2005;
ee also Linden et al., 2003). These ﬁndings have been supported
y similar results from EEG studies (Vogel and Machizawa, 2004;
ogel et al., 2005), in which a sustained negativity over posterior
egions related to the individual WM capacity was observed (for
ore details, see below). The PPC seems to display some important
unctional segregation, that is, the more inferior intraparietal sul-
us (IPS) responds to the number of objects, whereas the superior
PS responds to the total quantity of information in terms of fea-
ures (Cusack et al., 2010; Sheremata et al., 2010; Xu, 2007, 2009;
u and Chun, 2006, 2009). Furthermore, the involvement of the
PS in multiple-object tracking tasks (Culham et al., 2001; Jovicich
t al., 2001) and perceptual tasks (Mitchell and Cusack, 2008) sug-
ests that the role of the IPS in WM is likely to be related to spatial
rocessing (Curtis, 2006; Harrison et al., 2010; Sheremata et al.,
010) and attention (Marois and Ivanoff, 2005; Mitchell and Cusack,
008). This assumption ﬁts to the observation that event-relatedvioral Reviews 36 (2012) 2007–2033 2009
difference waves elicited in WM and visual search tasks are similar
(Emrich et al., 2009) as well as in multiple object tracking (Drew
and Vogel, 2008).
Mediotemporal (MTL) brain regions are critical for WM  perfor-
mance when processing and maintaining complex objects (Lee and
Rudebeck, 2010; Ranganath et al., 2005; Ranganath and D’Esposito,
2001) or feature conjunctions (Olson et al., 2006a,b), underlining
the important role of MTL  involvement for intra- and inter-item
binding (Piekema et al., 2010).
Furthermore, the PFC is a crucial node in the WM network, given
that its role relates to the coordination and control of encoding-,
maintenance-, and manipulation-related processes (for a review
of general ﬁndings and the functional segregation of the PFC,
see Curtis and D’Esposito, 2003). Importantly, feedback or top-
down signals from prefrontal cortex bias processing in posterior
sensory- and multimodal association areas (Bar, 2003; Desimone
and Duncan, 1995; Miller and Cohen, 2001; Nobre, 2001). This mod-
ulatory effect of the PFC (Murre et al., 2006) and of the frontoparietal
network in general plays a critical role not only during encoding of
information via the selection of relevant and suppression of irrel-
evant information (Gazzaley, 2011), but also during maintenance
and manipulation of information (D’Esposito, 2007).
The dynamic interaction between the PFC and posterior brain
regions, such as occipitotemporal (Gazzaley et al., 2007; Lepsien
and Nobre, 2007; Rissman et al., 2008) and parietal cortices (Edin
et al., 2009) contribute critically to WM performance. For exam-
ple, Gazzaley et al. (2007) showed that the strength of functional
coupling between PFC and visual association cortices was higher for
relevant information than for irrelevant information and correlated
with the magnitude of attentional modulation in the visual area. A
study by Zanto et al. (2011) corroborated this ﬁnding and provided
evidence for a causal role of the PFC in top-down modulation of
visual processing and working memory. The authors found that the
perturbation of PFC function via repetitive transcranial magnetic
stimulation (TMS) resulted in diminished top-down modulation of
activity in posterior cortex and predicted decrements in WM per-
formance. Enhanced functional coupling between dorsolateral PFC
and IPS has also been shown for WM performance at high load
indicating that interindividual differences in memory capacity are
partly determined by the strength of prefrontal top-down control
(Edin et al., 2009).
In the face of abundant or competing information, the mech-
anism by which top-down control biases processing in posterior
brain regions may  either refer to selective enhancement of neu-
ral activity related to relevant information, to the suppression of
neural activity related to irrelevant information, or both.
By comparing electrophysiological activity evoked by targets
and distracters relative to a baseline, recent studies found that
top-down control results indeed in both an enhancement of rele-
vant information as well as a suppression of irrelevant information,
as indicated by early modulations of event-related potentials in
posterior brain regions (Gazzaley et al., 2008, 2005a; Rutman
et al., 2010). Importantly, the amount of top-down modulation
is related to individual WM performance, that is, the individual
degree of P1 amplitude modulation predicts WM performance
(Zanto and Gazzaley, 2009). Insufﬁcient early top-down modula-
tion thus seems to lead to the excessive processing of irrelevant
information and that, in turn, is detrimental for WM performance
(Berry et al., 2009; Clapp et al., 2010; for a review see Gazzaley,
2011). This evidence is in line with results obtained with the change
detection paradigm. Presenting distracters and targets simultane-
ously, Vogel et al. (2005) showed that individuals with low WM
capacity suffered from reduced “ﬁlter efﬁciency” compared to high-
capacity individuals. As reﬂected in the higher amplitude of the
contralateral delay activity (CDA), an event-related difference wave
between the posterior sites contra- and ipsilateral to the attended
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2004; Madden et al., 2002, 1997; Peiffer et al., 2009). Apart from
general reductions, a loss of neural speciﬁcity, so-called dediffer-
entiation, has been observed in ventral visual brain regions (Park010 M.C. Sander et al. / Neuroscience and B
emiﬁeld (see below), low performers seemed to maintain dis-
racters along with the targets in WM.  High performers, on the other
and, selected only targets for maintenance, displaying CDA ampli-
ude increases for arrays including both targets and distracters as
ompared to targets only. This ﬁnding provides direct evidence
hat deﬁcient selection of information leads to its subsequent
aintenance, impacting performance for relevant information (see
ukuda and Vogel, 2009; Jost et al., 2011, for similar results). In
ine with this interpretation, recent evidence suggests that insuf-
cient engagement of the dorsal prefrontal cortex as well as the
nferior parietal cortex are related to the encoding and maintenance
f irrelevant information in WM (Minamoto et al., 2012).
In line with this conjecture, McNab and Klingberg (2008) found
hat activity in the prefrontal cortex and the basal ganglia preced-
ng the presentation of irrelevant information predicted the degree
o which this information was stored. The observation that this
ﬁlter activity” was associated with interindividual differences in
M capacity suggests that frontal areas and basal ganglia exert
op-down control over WM representations. Evidence from recent
linical studies further underlines the relevance of an intact PFC
nd basal ganglia for WM performance (Baier et al., 2010; Voytek
nd Knight, 2010). Thus, top-down control over information selec-
ively encoded and maintained seems to be closely related to a
ronto-parietal and fronto-striatal network.
Top-down control is not restricted to perceptual representa-
ions, but can also affect memory representations. Several studies
ave shown that cues indicating targets after stimulus presenta-
ion (i.e., retro-cues) bias visual WM like pre-cues, as indicated
y performance improvements (Grifﬁn and Nobre, 2003; Nobre
t al., 2007; Ruff et al., 2007). Moreover, the mechanisms governing
he top-down control of perceptual and memory representations
ngage overlapping brain areas and show similar temporal dynam-
cs (Kuo et al., 2009; Lepsien et al., 2005; Lepsien and Nobre,
006). In line with this observation, Eimer and Kiss (2010) reported
hat using retro-cues to indicate the relevant hemiﬁeld for target
etection elicited an event-related difference wave that was previ-
usly related to WM content. In a similar vein, Kuo et al. (2011)
bserved top-down modulation of activity in early visual areas
elated to retro-cues. More importantly, stronger functional con-
ectivity between frontal and posterior occipital regions predicted
ndividual memory performance. Thus, long-range communication
etween distal brain regions seems to contribute to successful WM
erformance during later stages of information processing as well.
To summarize, despite a large amount of content- and process-
peciﬁc selectivity in the recruitment of given brain regions across
ifferent WM and attention tasks, many areas in the occipi-
al, mediotemporal, parietal, and frontal lobes are consistently
ecruited across tasks and task conditions (D’Esposito, 2007). Pos-
erior brain regions seem to play an important role in the formation
nd maintenance of representations at different levels of pro-
essing, whereas prefrontal regions contribute to the selection of
elevant information and the stabilization of representations dur-
ng maintenance. Neural models of WM emphasize the importance
f the dynamic interplay between these distributed brain regions to
romote a better understanding of WM performance (Postle, 2006).
ecent studies have provided a large amount of evidence indicat-
ng that individual differences in WM capacity are closely related
o top-down control mechanisms that enhance or suppress neu-
al activity related to memory representations in posterior brain
egions during early and late processing stages (for a review, see
azzaley, 2011). In particular, deﬁcient top-down control seems
o lead to the abundant processing and maintenance of irrelevant
nformation that in turn impairs WM performance.
In the following, we will review evidence from child develop-
ent and aging research on maturational and senescent changes
n the brain and how they are related to the temporal dynamicsavioral Reviews 36 (2012) 2007–2033
in brain circuitries supporting mnemonic functioning. Behavioral
and neuroscientiﬁc studies show that WM performance increases
across childhood (Conklin et al., 2007; Gathercole, 1999; Luciana
et al., 2005; Luna et al., 2004), shows a peak in young adult-
hood, and an accelerated decline with advancing age (Park and
Payer, 2006; Park and Reuter-Lorenz, 2009; Reuter-Lorenz and
Park, 2010). Findings based on longitudinal studies generally sup-
port these cross-sectional results (de Frias et al., 2007; Schneider
et al., 2005). At the same time, the human brain circuitries that
contribute to WM undergo nonlinear and heterochronic changes
during childhood development and aging, such that different brain
regions are more or less prone to effects of maturation, learning,
and senescence, and differentially affect the dynamic interactions
between brain regions in different age groups (Gogtay et al., 2004;
Raz et al., 2005; Raz and Rodrigue, 2006; Sowell et al., 2003, 2004;
Zimmerman et al., 2006). How changes in neural functioning and
observed age-related behavioral changes are associated is only
poorly understood (cf. Cabeza et al., 2005; Nelson and Luciana,
2008). The following sections review age-related changes in the
WM network and neural mechanisms of information processing.
2.1.1. Senescent changes in the structures, functions, and
mechanisms of information processing in WM
Neuroanatomical and neurochemical2 brain changes are
widespread in normal aging. The shrinkage of human brain grey
matter volume is especially pronounced in hippocampal (Jernigan
et al., 2001; Raz et al., 2005; Zimmerman et al., 2006) and
frontal brain regions (Bergﬁeld et al., 2010; Giorgio et al., 2010;
Greenwood, 2000, 2007; Jernigan et al., 2001; Raz et al., 2005;
Raz and Rodrigue, 2006; Resnick et al., 2000; Sowell et al., 2003;
Zimmerman et al., 2006), areas that subserve mnemonic and atten-
tional functions. Some researchers suggest that age-associated
decline of the prefrontal lobes plays a major role in cognitive
aging (Lindenberger et al., in press; Raz and Rodrigue, 2006; Stuss
et al., 1996; West, 1996). Some evidence suggests that even the
visual cortex is not completely unaffected by senescent decline
(Salat et al., 2004). Changes in the microstructure of white matter
integrity as revealed by diffusion tensor imaging (DTI) accom-
pany grey matter losses (Giorgio et al., 2010; Madden et al., 2009;
O’Sullivan et al., 2001), also in posterior regions (Wen  and Sachdev,
2004). More detailed reviews of structural changes in the brain
across the lifespan can be found in Madden et al. (2009),  Raz and
Rodrigue (2006), Rodrigue and Kennedy (2011),  and Sowell et al.
(2004).
In addition to structural changes, functional magnetic resonance
imaging (fMRI) and positron emission tomography (PET) studies
also observed altered task-related activation patterns in percep-
tual and memory-based tasks in ventral and dorsal prefrontal (e.g.,
Cabeza et al., 2002, 2004; Grady et al., 1998; Madden et al., 2007;
Morcom and Friston, 2012), parietal (e.g., Cabeza et al., 2004;
Daselaar et al., 2006; Madden et al., 2007), mediotemporal (e.g.,
Cabeza et al., 2004; Daselaar et al., 2006), and occipital (e.g., Cabeza
et al., 2004; Madden et al., 2002, 1997) regions in older compared
to younger study participants.
Age-related changes at the lowest level of information process-
ing, such as decline in visual cortex activation, indicate age-related
reduction in the efﬁciency of bottom-up processing (Cabeza et al.,2 A review of neurochemical brain changes is beyond the scope of this review,
but  can be found in Stoermer et al. (2011), where the authors give a comprehensive
overview on dopaminergic and cholinergic age-related changes and their relation
to  WM and attention.
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t al., 2004; see also Carp et al., 2010, 2011). Evidence derived from
he measurement of the fMRI adaptation to repeatedly presented
ictures indicates that dedifferentiation processes in older adults
ay  be closely linked to a decline in the (contextual) binding of
nformation (Chee et al., 2006).
With regard to PFC activation patterns in attention and WM
asks, underactivations (e.g., Grady et al., 1998; Jonides et al., 2000;
ypma and D’Esposito, 2000) and overactivations (e.g., Cabeza et al.,
002; Reuter-Lorenz et al., 2000) in older compared to younger
dults have been interpreted as a signature of less differentiated
epresentations and processing circuits (Baltes and Lindenberger,
997; Li et al., 2001), compensatory adaptations to normal aging
Cabeza et al., 2002; Park and Reuter-Lorenz, 2009), or both. Given
hat complex cognitive functions such as WM do not rely on iso-
ated brain regions, but on the dynamic interplay between brain
egions forming a neural network, age-related alterations in pos-
erior and frontal regions are closely related to each other (Park
nd Reuter-Lorenz, 2009), and overactivation of prefrontal sites
s often coupled with underactivation in more posterior regions
f the occipital and temporal lobes. For example, decreased neu-
al specialization in ventral visual regions is accompanied by
ncreased frontal activation in older adults (Payer et al., 2006)
nd the degree of dedifferentiation correlates with measures of
uid intelligence in older adults (Park et al., 2010), indicating the
nvolvement of posterior brain regions in older adults’ cognitive
unctioning.
Recent theorizing (Reuter-Lorenz and Cappell, 2008; Reuter-
orenz and Park, 2010) suggests that differences in prefrontal
ctivation patterns result from general differences in performance
evels in the sense that older adults need to recruit additional “exec-
tive” resources at lower difﬁculty levels (Cappell et al., 2010;
attay et al., 2006; Nagel et al., 2009, 2011; Schneider-Garces
t al., 2010) and are overtaxed when task demands increase. This
esembles the suggestion that aging leads to a shift in the regional
ecruitment of brain areas along the anterior–posterior axis (Davis
t al., 2008). It follows that younger and older adults may  reach
qual levels of performance through different neural activity pat-
erns. For example, older adults were shown to rely more on frontal
egions in an attention task that activated posterior regions in
ounger adults (Solbakk et al., 2008). Accordingly, frontally medi-
ted processes may  contribute differentially to WM performance in
lder as compared to younger adults (e.g., Reuter-Lorenz and Park,
010).
As reviewed above, a large body of research from younger adults
as provided evidence for prefrontally mediated top-down inﬂu-
nces on neural activity in posterior regions during mnemonic
unctions. Recently, an increasing number of neuroimaging and EEG
tudies have yielded ﬁrst insights into age-related changes in neural
echanisms of top-down selection and their effects for WM per-
ormance. By comparing neural activity in posterior brain regions
elated to relevant and irrelevant information, Gazzaley et al.
2005b) revealed selective age-speciﬁc impairments in the inhibi-
ion of irrelevant information, while the enhancement of relevant
nformation seemed to be preserved. Moreover, impaired suppres-
ion during encoding was related to smaller WM performance in
lder adults. EEG studies have placed this inhibition deﬁcit at early
tages of information processing, given that older adults, in con-
rast to younger adults, show no indication of suppression in early
vent-related activity, but in later measures such as alpha desyn-
hronization (Gazzaley et al., 2008). This has led the authors to
onclude that suppression abilities are not completely abolished
n older adults, but delayed to later processing stages (Gazzaley,
011; Gazzaley et al., 2008). Using a change detection paradigm
ith simultaneous target and distracter presentation, Jost et al.
2011) obtained similar results. Age differences between younger
nd older adults were particularly pronounced during early timevioral Reviews 36 (2012) 2007–2033 2011
windows of the contralateral delay activity (350–500 ms after stim-
ulus onset), suggesting that older adults pay more attention to
irrelevant information during early visual processing. Age-related
impairments in top-down control thus seem to be associated with
more processing and greater maintenance of irrelevant information
in older adults (see also de Fockert et al., 2009).
In light of the similarities between mechanisms supporting
the top-down control of perceptual and memory representations
(Lepsien and Nobre, 2006), it seems likely that age-related sup-
pression deﬁcits in early processing stages are accompanied by
age-related differences in top-down control of mnemonic repre-
sentations. There is some evidence suggesting that older adults
display reduced activity in the dorsolateral PFC when asked to
rethink or “refresh” information encountered just before (Johnson
et al., 2004). Effects of this reduced frontal activation may  lead to
deﬁcits in modulating the activity in posterior brain regions, as
shown in a recent fMRI study (Mitchell et al., 2010). Asked to selec-
tively refresh previously seen faces or scenes, older adults did not
display suppression effects for the irrelevant category in extrastri-
ate regions. This age deﬁcit in refreshing may  be closely related to
age-related differences during maintenance of information in WM.
To conclude, it appears that age-graded structural and functional
changes from early to late adulthood alter the functional architec-
ture of an extended neural network. The resulting changes in frontal
and posterior brain regions as well as their interactions contribute
to WM deﬁcits in old age.
2.1.2. Maturational changes in the structures, functions, and
mechanisms of information processing in WM
Increases in WM capacity across childhood and adolescence
have been observed in various tasks (e.g., Conklin et al., 2007;
Cowan et al., 2006; Gathercole et al., 2004; Luciana and Nelson,
1998; Riggs et al., 2006). It is likely that the development of
(visual) WM performance is associated with maturational struc-
tural and functional changes in the fronto-parietal network (see
Astle and Scerif, 2011, for a recent review of developmental changes
related to WM and attentional control). Early post-mortem studies
revealed that axons in the frontal cortex undergo myelination well
into adolescence (Huttenlocher, 1979, 1990; Yakolev and Lecours,
1967). With the advent of neuroimaging techniques, in vivo exami-
nations contributed evidence for the heterochronicity and regional
speciﬁcity of brain development. For example, when comparing
high-resolution structural MR  images of adolescents (12–16 years)
and young adults, Sowell et al. (1999) observed only minor matu-
rational changes in the parietal, temporal, and occipital lobes, but
large group differences in dorsal, medial, and lateral regions of the
frontal lobes. Longitudinal results (Giedd et al., 1999) conﬁrmed the
heterochronic development of the cerebral cortex and revealed a
peak in gray matter volume in parietal and frontal lobes at around
10–12 years of age, followed by volume reductions during post-
adolescence. Increases in white matter as measured with DTI and
fractional anisotropy (FA) are commonly observed across childhood
(Klingberg et al., 1999; Schmithorst et al., 2002; Snook et al., 2005).
Furthermore, FA in regions of the frontal lobe is positively related
to the development of WM capacity (Nagy et al., 2004; see also
Johansen-Berg, 2010). Accordingly, protracted myelination of pre-
frontal cortex has been suggested as a major pacemaker for WM
capacity development (Klingberg et al., 1999). How regional age-
related changes in cortical thickness and white matter structure
relate to each other is only poorly understood. For example, the cor-
tical thickness of parietal and lateral PFC as well as white matter
microstructural properties of the superior longitudinal fasciculus
(which is connecting these regions) appear to follow different age
trajectories, and show unique contributions to verbal WM perfor-
mance in children aged 8–19 years (Ostby et al., 2011).
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2004; Herrmann et al., 1999; Tallon-Baudry and Bertrand, 1999;
Tallon-Baudry et al., 1997, 1998, 1999)3 has been related to feature-
binding and maintenance processes in rather posterior parts of the
3 The interpretation of some of these results has been put into question because
microsaccades may  inﬂuence cortically recorded EEG gamma activity (Yuval-012 M.C. Sander et al. / Neuroscience and B
FMRI studies have also related functional changes in frontal and
arietal cortex to the development of visuo-spatial WM perfor-
ance (Klingberg, 2006; Klingberg et al., 2002; Kwon et al., 2002;
elson et al., 2000; Olesen et al., 2003). Structural and functional
hanges in the fronto-parietal network are closely related and seem
o underlie the development of WM performance, as indicated by
ositive correlations between the maturation of white matter and
he BOLD response in frontal and parietal regions (Olesen et al.,
003).
Besides changes in local brain regions, cognitive maturation may
elate strongly to changes in the recruitment and conﬁguration of
he brain network, probably by changes in functional connectivity
ithin and across cortical areas (Edin et al., 2007). Age-related dif-
erences in top-down control are associated with a strengthening of
ffective connectivity between frontal and posterior brain regions
Hwang et al., 2010). Recent results from resting state functional
onnectivity MRI  (fcMRI) describe changes in functional networks
uring development as an increase in segregation (thus a decrease
n short-range connections) and an increase in integration (large-
cale connections; Fair et al., 2009, 2007). Thus, enhanced regional
rocessing and long-distance functional integration increasingly
upport WM as children grow older.
In summary, the basic neural architecture in terms of brain
egions and neural circuitry related to WM seems to be in
lace in early childhood, but undergoes subsequent reﬁnement
Brahmbhatt et al., 2010). Hence, children increasingly recruit brain
egions that are activated by adults during WM performance, and
nteractions between these brain regions underlie WM improve-
ents (Bunge and Wright, 2007). In relatively simple WM tasks,
hildren mostly recruit similar fronto-parietal circuitries as adults
Casey et al., 1995; Geier et al., 2009; Nelson et al., 2000; Thomas
t al., 1999; Tsujimoto et al., 2004). At the same time, some core
egions for WM,  such as the PFC, are less consistently recruited
n children than in younger adults when working on more com-
lex tasks (Ciesielski et al., 2006; Schweinsburg et al., 2005) or
nder high load conditions (Thomason et al., 2009). Changes in
he recruitment of PFC functions are closely related to general
mprovements in cognitive control (e.g., Bunge et al., 2002; Bunge
nd Wright, 2007). Accordingly, recruitment of prefrontal control
n WM tasks may  fail in children under conditions of high task
ifﬁculty. For example, Crone and co-workers (Crone et al., 2006)
ompared children aged 8–12 years, adolescents aged 13–17 years,
nd younger adults in WM tasks requiring either the maintenance
r the manipulation of information. During the delay period, both
dolescents and younger adults recruited the DLPFC and the supe-
ior parietal cortex for manipulation versus maintenance trials,
ut younger children failed to do so. The delay-period activa-
ion was correlated with behavior, suggesting a link between the
ctivation of prefrontal brain regions and development of WM
erformance.
Similarly, larger performance decrements caused by distracters
n children relative to younger adults may  relate to inadequate
ecruitment of prefrontal brain regions. One study by Olesen et al.
2007) investigated the effect of distraction during the delay in a
M task. Behaviorally, the children, who were 13 years of age,
ere more distracted than adults. Delay activity was  found in the
uperior frontal sulcus, dorsolateral PFC, and intraparietal cortex.
dults showed higher dorsolateral PFC activation during the delay
eriod than children. Children showed higher activity in the supe-
ior frontal sulcus. No age differences were observed for activations
n the parietal cortex. The authors suggest that distracter-resistant
epresentations rely on activity in dorsolateral PFC and intrapari-
tal cortex. Immature inhibition of distracters in children may  thus
e related to weaker representations and maintenance of irrelevant
nformation as reﬂected by the age-differential recruitment of PFC
nd superior frontal sulcus, respectively.avioral Reviews 36 (2012) 2007–2033
It is possible that children not only fail to recruit regions that
are involved in WM networks in adults, but also rely on brain
regions that are less central to the adult WM brain network. A recent
study assessed longitudinal changes in the WM network during
early adolescence (15 years) and late adolescence (18 years; Finn
et al., 2010). At both time points, load-dependent lateral PFC activ-
ity was observed. Behavioral performance on the criterion task (i.e.,
delayed matching to sample) did not differ between the ﬁrst and the
second assessment. However, at the ﬁrst measurement occasion,
additional hippocampal activity functionally connected to the PFC
was observed. Given that hippocampal activation has been related
to intra- and inter-item binding processes in adults (e.g., Piekema
et al., 2010), these results suggest that binding mechanisms were
differentially involved at the ages of 15 and 18. These results show
that the ways in which WM is implemented in the brain varies
within individuals across age. Moreover, WM networks seem to
become increasingly specialized with age and show a reﬁnement
of the recruitment of prefrontal control structures (Luna, 2009;
Luna et al., 2004). Taken together, maturation appears to result in
a combination of increasing localization of function in core regions
and their integration with prefrontal regions that enhances and
stabilizes performance (Scherf et al., 2006).
2.2. Oscillatory neural mechanisms of information processing
related to WM performance
Evidence from human EEG studies supports the assumption that
extended network interactions are the underlying neural mecha-
nisms for complex cognitive functions, such as WM (Bressler and
Kelso, 2001). The central postulate of the network view is that
complex behavior arises from the dynamic coupling among brain
regions. Synchronized oscillatory activity has been suggested as
one coordinating mechanism for information processing (Engel
et al., 2001; Fries, 2005; Uhlhaas et al., 2009a; Varela et al., 2001)
by regulating the timing of neuronal ﬁring and establishing func-
tional networks (Buzsaki and Draguhn, 2004; Klimesch et al., 2007).
Accordingly, EEG studies investigating oscillatory mechanisms tar-
get the “dual aspect of cognitive functions” (Bressler and Kelso,
2001), that is the large-scale processing by distributed, inter-
connected areas and the local processing within areas, capturing
(short-lived) spatiotemporal relations within and between brain
regions.
Synchronous oscillatory activity in a broad range of frequen-
cies, especially in the theta (3–7 Hz), alpha (8–12 Hz) and gamma
(>30 Hz) frequency bands have been associated with processes that
are important for successful WM performance such as feature-
binding, object representation, and attention. In general, it has been
suggested that fast frequencies like gamma  are related to the local
integration of information, whereas global interactions of different
brain regions may  rely on slower frequencies like theta and alpha
(von Stein and Sarnthein, 2000). Synchronization at lower frequen-
cies is particularly well suited for long-range integration because it
tolerates longer conduction delays (Kopell et al., 2000).
In line with this reasoning, locally synchronized activity in the
gamma  frequency band (Engel et al., 1999; Gruber et al., 2006,Greenberg et al., 2008). However, results from intracranial recordings also underline
the role of gamma  oscillations for binding and memory processes and are usually
less inﬂuenced by spike-potential related artifacts (Fries et al., 2008). Clearly, the
relations among cognitive processes, microsaccades, and oscillations require further
scrutiny (Melloni et al., 2009).
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In addition to local alpha power modulations’ relations to
attention and WM performance, long-range alpha synchroniza-
tion may  also play an important role within neural networks toM.C. Sander et al. / Neuroscience and B
M network (for recent reviews, see Herrmann et al., 2010; Jensen
t al., 2007). A recent study using intracranial recordings showed
hat gamma  activity in occipital brain regions can be very spe-
iﬁc and can even encode the identity of individual letters (Jacobs
nd Kahana, 2009). It is important to note that the posterior dis-
ribution of these effects does not speak against the operation of
op-down control. For example, it has been found that local gamma
and activity is enhanced for cued targets (Landau et al., 2007). In
ddition, several authors have reported increases in gamma  band
ctivity over frontal electrodes that appear to be related to cognitive
ontrol processes in WM (e.g., Basar-Eroglu et al., 2007; Haenschel
t al., 2009; see also Tallon-Baudry et al., 1998).
Top-down processes relevant for WM performance have been
ostly related to activity in slower frequencies such as theta and
lpha activity. Local increases in (frontal) theta have been observed
n various memory and attention tasks during encoding, reten-
ion, and retrieval of information (e.g., Brookes et al., 2011; Gevins
t al., 1997; Klimesch, 1999; Klimesch et al., 1996; Michels et al.,
008; Raghavachari et al., 2001; Sauseng et al., 2007; Sederberg
t al., 2003), pointing to the involvement of frontal control pro-
esses in these tasks. WM load has been found to modulate frontal
heta activity (Brookes et al., 2011; Jensen and Tesche, 2002). Fur-
hermore, theta activity plays a major role in the integration of
istributed neural information, such that interregional theta syn-
hronization co-activates different brain regions (Sauseng et al.,
010). For example, theta synchronization increased between pre-
rontal and posterior electrodes during the retention interval of a
elayed match-to-sample task (Sarnthein et al., 1998; for similar
esults see Payne and Kounios, 2009; Sauseng et al., 2004, 2005a).
heta synchronization between brain regions may  be initiated by
he frontal cortex, so that theta activity in posterior regions may  be
railing prefrontal sites (Sauseng et al., 2004; for a more exhaustive
eview on the role of theta oscillations, see Sauseng et al., 2010).
Current theories suggest that WM capacity limits may  be
xplained by the relationship between synchronized activity in
he theta and gamma  frequency bands (Jensen, 2005; Jensen and
olgin, 2007; Jensen and Lisman, 1996; Lisman and Idiart, 1995).
ccordingly, individual memory representations are related to sin-
le gamma  cycles that are nested in theta cycles. An increasing
umber of studies provided support for the assumption that theta-
amma  coupling plays an important role in WM processes (Canolty
t al., 2006; Demiralp et al., 2007; Sauseng et al., 2009; Schack et al.,
002). Strong evidence for the proposed theory has recently been
rovided by Axmacher et al. (2010).  Using intracranial recordings,
he authors found cross-frequency couplings between theta and
igher (gamma/beta) frequencies in the hippocampus. Interest-
ngly, with increasing load, the gamma-modulating theta frequency
howed a shift towards lower frequencies. Longer theta cycles may
hus allow for the nesting of more gamma  cycles within one theta
ycle with higher load. Similar results using scalp EEG have been
btained by Sauseng et al. (2009).  In this study, subjects performed
 cued change detection task. When sorting gamma phase accord-
ng to theta phase, the authors observed a stronger theta-gamma
oupling at posterior sites contralateral to the cued visual ﬁeld dur-
ng the retention interval. The lateralized theta-gamma coupling
ncreased up to the average WM capacity limit and was  predic-
ive for individual WM performance. Again, the coupling between
ctivity in the gamma  and theta frequency can be inﬂuenced by
op-down control. For example, in a visual attention task, Sauseng
t al. (2008) showed that spatial shifts of attention modiﬁed phase
ynchronization between theta and gamma  activity in the parieto-
ccipital cortex shortly after stimulus onset (for recent reviews on
he functional role of cross-frequency coupling, see Canolty and
night, 2010; Jensen and Colgin, 2007).
Besides theta and gamma  oscillations, oscillations in the
lpha band are thought to contribute to WM performance as anvioral Reviews 36 (2012) 2007–2033 2013
inhibition and gating mechanism. Alpha amplitudes show local
increases over task-irrelevant brain regions during the retention
interval that are modulated with increasing load (Jensen et al.,
2002; Tuladhar et al., 2007). It has been suggested that the increase
in alpha power reﬂects inhibition or disengagement of brain regions
not necessary for the current task (Jensen et al., 2002; Jokisch and
Jensen, 2007; Tuladhar et al., 2007). Amplitudes of ongoing alpha
oscillations inﬂuence the perception of upcoming stimuli such that
low pre-stimulus alpha power is related to better performance
(Hanslmayr et al., 2007, 2005; Thut et al., 2006). Investigations of
the effects of local stimulation of the visual cortex via TMS  showed
that periods of spontaneous high alpha activity are related to low
cortical excitability (Romei et al., 2008) and that the posterior alpha
rhythm is actively involved in shaping forthcoming perception
(Romei et al., 2010). These ﬁndings add to the hypothesis that alpha
oscillations represent an active inhibition mechanism (Klimesch
et al., 2007). In line with this assumption, in visuo-spatial attention
tasks, alpha power has been found to decrease over sites involved
in target processing, and to increase over sites not involved in tar-
get processing (Doesburg et al., 2009; Händel et al., 2011; Kelly
et al., 2006; Rihs et al., 2007; Sauseng et al., 2005b; Thut et al., 2006;
Worden et al., 2000)4. The strength of this alpha lateralization effect
predicts target detection in the unattended hemiﬁeld (Händel et al.,
2011), underlining the inhibitory nature of the alpha increase. The
modulation of posterior alpha by covert attentional shifts is so reli-
able that it can be used for the control of brain-computer interfaces
(Bahramisharif et al., 2010; van Gerven and Jensen, 2009).
A similar pattern of lateralized hemispheric alpha power differ-
ences was observed in change detection tasks in which participants
were cued to maintain information only one from hemiﬁeld
(Grimault et al., 2009; Sauseng et al., 2009). For example, in the
study by Sauseng and colleagues (2009) alpha amplitudes during
the retention interval were larger ipsilateral than contralateral to
the attended hemiﬁeld. This lateralized difference in alpha power
increased with load, and the slope of the increase predicted indi-
vidual WM capacity. This ﬁnding suggests that inhibition processes
play a critical role in WM,  an assumption that is further underlined
by recent ﬁndings of brain-behavior correlations of increases in
alpha activity in task-irrelevant brain areas with task performance
(Haegens et al., 2010). An interpretation of the role of oscillatory
alpha activity as a mechanism for information routing by inhibition
of task-irrelevant pathways has been summarized recently in the
“gating by inhibition hypothesis” (see Jensen and Mazaheri, 2010).
Posterior alpha modulations are probably the effect of top-down
control processes. A recent study by Capotosto et al. (2009) pro-
vided direct evidence for the top-down control of occipito-parietal
alpha modulations by fronto-parietal brain regions. Disruption of
neural activity in IPS and frontal eye ﬁeld (FEF) via repetitive TMS
disrupted alpha desynchronization in posterior regions and led to
impaired performance in subsequent target detection. Freunberger
et al. (2009) provided further evidence for the contribution of top-
down modulation of alpha activity to WM performance. In a WM
task, cues indicated whether participants had to memorize the
upcoming picture or not. Non-remember cues elicited pronounced
alpha amplitude increase, reﬂecting top-down modulated prepara-
tory inhibition.4 Note that a recent study (Rihs et al., 2009) suggests that early (<700 ms)
decreases of contralateral alpha power indicate a facilitation effect, whereas later
increases of ipsilateral alpha power indicate sustained attention and inhibition.
Both effects result in the observed alpha lateralization effect and are not easily
distinguished.
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stablish a large-scale neural ensemble (Palva and Palva, 2007;
on Stein and Sarnthein, 2000). In cued visual attention tasks,
ncreased long-range alpha synchronization contralateral to the
ttended hemiﬁeld were observed between occipital and parietal
ortex (Doesburg et al., 2009) and between prefrontal and posterior
egions (Sauseng et al., 2005b). Long-range synchronization is also
ncreased during WM tasks (Palva et al., 2005) and sustained inter-
real phase synchrony among visual and frontoparietal regions
uring the retention interval is strengthened with load (Palva
t al., 2010). In a similar vein, Zanto et al. (2010b) observed higher
lpha band phase-locking between frontal and posterior regions of
nterest (ROI) for to-be remembered versus to-be-ignored items,
uggesting that alpha phase coherence may  serve as a mechanism
f anticipatory top-down control. This assumption was  corrobo-
ated by related evidence showing that perturbing PFC function via
epetitive TMS  disrupts the attentional modulation of alpha phase
oherence (Rihs et al., 2009). Functional coupling between brain
reas involved in the WM network may  thus also be achieved via
ynchronization in the alpha frequency band.
To summarize, the available evidence points to the importance
f precisely timed neural interactions in the gamma- and theta-
requency for WM performance (for recent reviews see Fell and
xmacher, 2011; Jutras and Buffalo, 2010). Similarly, alpha oscil-
ations contribute critically to dynamic processing in an extended
etwork as local and global inhibition or gating mechanism (Jensen
nd Mazaheri, 2010; Klimesch et al., 2007). The following sec-
ions review the available evidence on age-related differences in
scillatory neural mechanisms that are potentially relevant for age-
raded differences in WM performance.
.2.1. Senescent changes in oscillatory mechanisms
Given the role of theta and alpha oscillations in top-down and
nhibition processes, and the decline in WM with advancing adult
ge, one might expect that younger and older adults differ in theta
nd alpha activity. Indeed, available studies report age-related dif-
erences in alpha frequency, alpha and theta power or both (for
eviews see Dustman et al., 1993; Klimesch, 1999; Niedermeyer,
997). The general pattern is a drop in alpha frequency with
dvancing age (e.g., Dustman et al., 1993), accompanied by power
ncreases in the theta band (Klimesch, 1999; Prinz et al., 1990)
nd power decreases in the alpha band (e.g., Dustman et al., 1999;
olich, 1997b; Prinz et al., 1990).
However, the functional consequences of spectral changes on
M functioning in old age are only poorly understood. Regarding
nhibition processes indexed by alpha oscillations, results are non-
onclusive. As reviewed above, some recent studies have reported
op-down effects on event-related alpha power in WM tasks but
ailed to observe age differences therein (Gazzaley et al., 2008;
anto et al., 2010c).  In contrast, a recent study by Deiber et al.
2010) has reported age-related changes in alpha synchronization
or face and letter stimuli in a delayed recognition task. Compared
o younger adults, older adults showed delayed alpha synchroniza-
ion that was reduced for to-be-ignored letters, in line with an
ge-related alteration of inhibition processes.
Phase synchronization across trials has only rarely been investi-
ated in older adults. As an exception, Müller et al. (2009) observed
igniﬁcantly stronger phase locking in the alpha frequency band in
lder adults than in younger adults and children in an auditory
erception task. Further research is needed to examine whether
tronger phase synchronization is a general characteristic of older
dults’ neural responses.
Hogan et al. (2003) suggested that older adults show load-
ependent theta decreases in a Sternberg WM task. However,
heir study compared healthy older adults to patients with early
lzheimer disease but did not include a group of younger adults,
o that conclusions about general age-related changes are notavioral Reviews 36 (2012) 2007–2033
warranted. In a modiﬁed Sternberg paradigm, Cummins and
Finnigan (2007) observed reduced theta power during the reten-
tion and recognition interval in older adults compared to younger
adults. However, age groups also differed in resting state theta
power. Given that the modulation of theta power by WM load
was not investigated, the functional relevance of the observed age
differences is unclear.
As a notable exception, McEvoy et al. (2001) investigated age-
related changes in alpha and theta power as a function of task load
in a visuo-spatial WM task. Younger adults showed an increase in
frontal midline theta with increasing load, whereas older adults
did not. Additionally, older adults showed widespread reductions
in alpha power in both frontal and parietal regions for larger WM
load, whereas younger adults only showed parietal decreases. The
widespread alpha reduction may mean that older adults needed to
recruit more cortical resources for successful task performance. At
the same time, reduced frontal theta may  indicate that older adults
are less able to recruit resources related to top-down control with
increasing demands. The authors suggest that these effects reﬂect
a posterior-to-frontal shift in processing with advancing age (but
see Babiloni et al., 2004, for a contrary proposition).
Low-level feature binding processes as indexed by gamma
oscillations have been investigated in a recent lifespan study
(Werkle-Bergner et al., 2009). In comparison to younger adults,
older adults’ evoked gamma  power was less reliably modulated by
increases in stimulus sizes, possibly reﬂecting reduced sensitivity
to perceptual input due to aging. However, the impact of impaired
binding processes on memory performance was  not investigated.
The role of synchronized oscillations for WM performance has
received increasing attention in recent years. However, with a few
notable exceptions, the well-known decline of WM functioning in
normal aging has not yet been investigated from this perspective.
The available evidence is scarce and far from being conclusive.
Adequate comparison groups are often absent, and age-related
confounding factors are often not considered or controlled. In par-
ticular, given the decrease in alpha power with adult age (Klimesch,
1999; Polich, 1997a),  parametric designs are needed to assess the
functionality of synchronized activity in older adults (Gazzaley and
D’Esposito, 2005). Accordingly, it remains an open question how
senescent changes alter WM-related neural mechanisms and cir-
cuitries.
2.2.2. Maturational changes in oscillatory mechanisms
Electrophysiological research focusing on oscillatory mecha-
nisms of information transmission in the normally developing brain
is scarce and has rarely been linked to WM performance. In an
auditory oddball task, Yordanova and Kolev (1997) investigated
developmental changes in the early stimulus-related alpha activity
and phase-locking in children and young adults. Relative to young
adults, children aged 6–11 years showed differences in topogra-
phy and higher amplitudes, and phase-locking. However, by the
age of 10–11 years, the strength of phase-locking was comparable
to that of young adults. Müller et al. (2009) reported complemen-
tary results. In a lifespan sample, they observed lower local phase
synchronization in children than in younger and older adults, but
higher EEG power in delta and theta frequencies. Additionally, chil-
dren aged 9–11 years did not differ from children aged 11–13
years in local phase-locking, but showed lower long-range syn-
chronization. These childhood transitions support the conjecture
of continued development of functional networks.
The development of WM-relevant functional networks was
recently investigated with measures of neural synchrony during
a Gestalt perception task in an age-heterogeneous sample rang-
ing from 6 to 21 years (Uhlhaas et al., 2009b).  Amplitudes of
theta- and gamma-band oscillations showed selective increases
with age, whereas alpha power remained stable. Developmental
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mprovements in cognitive performance were accompanied by an
nhancement of long-range synchronization in the theta, beta, and
amma  frequency ranges. Age-related increases in theta synchrony
atterns were found in particular between frontal and occipital-
arietal electrodes. These results point to a close relation between
tructural brain development, neural synchrony, and cognitive
evelopment that needs to be ascertained by longitudinal assess-
ents. They also highlight the prolonged maturation of functional
etworks and their importance for cognition. Uhlhaas et al. (2010)
rovide a detailed review of the available evidence about neural
ynchrony in developing networks.
Recently, developmental changes in alpha activity have also
een investigated in relation to WM functioning. One of these stud-
es focused on changes in long-range synchronization and local
esynchronization of alpha oscillations during visual WM retention
n children 6–10 years of age (Doesburg et al., 2010). In accor-
ance with previous observations in adult samples (Doesburg et al.,
009), an increase in long-range synchronization within the fronto-
osterior network was found, together with a decrease in alpha
mplitudes over posterior sensors. The study did not include an
dult sample, so that direct comparisons between age groups were
ot possible.
Effects of top-down control on visual WM were also investigated
n a recent magnetoencephalographic (MEG) study (Ciesielski et al.,
010). Event-related desynchronization (ERD) in the alpha band
as compared between 10-year-old children and younger adults.
arget anticipation effects yielded a signiﬁcant modulation of ERD
y target proximity in younger adults, whereas children displayed
 smaller degree of anticipatory ERD modulation. Given that the age
roups did not differ in accuracy and speed, the authors concluded
hat children may  use different strategies and rely on different neu-
al networks to accomplish top-down control than younger adults.
Overall, the evidence for maturational changes in oscillatory
echanisms of information processing and their relation to WM
erformance is similarly scarce in research on child development
s it is in research on normal aging. The available data suggest
hat child development is indeed associated with changes in neu-
al information processing that refer mostly to the integration of
nformation across different brain regions and less to local changes.
evertheless, even local oscillatory phenomena, such as posterior
lpha power, possibly reﬂect the interplay between frontal and
osterior brain regions and thus may  operate differently in chil-
ren than in older individuals. Given their potential signiﬁcance for
nderstanding child development, the interactions among alpha,
heta, and gamma oscillations in relation to top-down control and
inding processes in WM deﬁnitely deserve closer attention.
. The two-component framework as a lifespan perspective
n working memory
The reviewed literature suggests that WM relies on an extended
eural network (D’Esposito, 2007; Postle, 2006; Ranganath, 2006;
immer, 2008). Information is processed in parallel at different lev-
ls of the cortical hierarchy and can be described as the interaction
f (low-level feature) binding and control processes (see Shing et al.,
010, 2008, for a similar formulation of a two-component model in
he domain of episodic memory functioning).
Low-level feature binding mechanisms integrate perceptual
nputs into a coherent representation (Craik, 2006; Zimmer et al.,
006b), possibly through synchronization of neural activity in
nd across posterior brain regions (Murre et al., 2006; Von der
alsburg, 1981). Being the basis of memory representations, the
o-occurrence of features and objects is thought to lead to spon-
aneous and fast binding (Hommel and Colzato, 2004). Low-level
eature binding processes can be broadly mapped onto morevioral Reviews 36 (2012) 2007–2033 2015
posterior brain regions such as occipital, temporal, and mediotem-
poral cortices, and are assumed to be critically involved in the
formation and maintenance of memory representations (Piekema
et al., 2010; Zimmer et al., 2006b).
Top-down control can be understood in terms of feedback pro-
cesses from higher cortical regions that bias processing in posterior
regions under conditions of competing information and stabilize
representations over time (Desimone and Duncan, 1995; Miller and
Cohen, 2001). The source of top-down control is broadly mapped to
prefrontal regions, but effects of control manifest themselves pri-
marily in posterior regions that bind and maintain representations.
On a neural level, local binding processes are reﬂected in gamma
activity in posterior brain regions (Herrmann et al., 2010), whereas
control processes in WM are closely related to theta oscillations
(Sauseng et al., 2010). Interactions among activities in the gamma
and theta frequency bands contribute to the observed capacity
limit in WM performance (Freunberger et al., 2011). In addition,
alpha oscillations related to inhibition and gating processes also
support WM performance (Jensen and Mazaheri, 2010). In partic-
ular, top-down modulations of posterior alpha oscillations reﬂect
the effects of successful implementation of prefrontal top-down
control (Capotosto et al., 2009).
Clearly, low-level feature binding and top-down control are
functionally intertwined (Miller and Cohen, 2001; Werkle-Bergner
et al., 2006). On the one hand, maintenance of the representations
as a result of binding mechanisms may  depend on stabilization by
top-down control, and thus representations may  be more durable
and precise when optimal cognitive control is called into service.
On the other hand, the necessity to rely on top-down control may
depend on the stability of the binding that has been achieved. In
addition, the relative contribution of top-down control and bind-
ing mechanisms may  not be invariant across task conditions. For
example, binding processes may  contribute critically to perfor-
mance under stringent time constraints, whereas performance may
rely more strongly on top-down control when enough processing
time is provided. This intrinsic interdependence needs to be kept
in mind when attempting to describe and understand age-related
changes in visual WM performance in terms of a two-component
model that contrasts the inﬂuences of bottom-up binding and top-
down control on WM.  Based on this model, we  assume that the
relative contributions of low-level feature binding and top-down
control processes are not invariant across the human lifespan but
evolve across the life course, reﬂecting differences in the relative
efﬁciency and integrity of the corresponding brain areas and their
interconnections. Furthermore, the interaction between the two
components may  be more or less successful in different age groups,
reﬂecting age-graded differences in the functionality of top-down
control and low-level feature binding processes.
The available evidence suggests that aging is characterized by a
widespread decline of various regions of the WM network. Poste-
rior regions are characterized by less efﬁcient processing of visual
information, probably related to dedifferentiation processes in
early visual regions (Carp et al., 2010; Park et al., 2004). Mediotem-
poral regions related to the integration of information show large
senescence-related changes (Raz et al., 2005; Raz and Rodrigue,
2006). Frontal regions contributing to the top-down control of
information processing are especially affected by age (Rodrigue
and Kennedy, 2011; West, 1996), as reﬂected by a loss of early
and late inhibition processes with advancing age (Gazzaley, 2011;
Hasher et al., 2007; Hasher and Zacks, 1988; Mitchell et al., 2010;
Werkle-Bergner et al., 2012).
By late childhood, temporal and occipital lobes have matured to
a considerable extent, whereas dorsal, medial, and lateral regions of
the frontal lobes continue to show major maturational changes that
extend into early adulthood (Giedd et al., 1999; Gogtay et al., 2004;
Sowell et al., 2003). The maturation of prefrontal regions is closely
2016 M.C. Sander et al. / Neuroscience and Biobeh
Fig. 1. Schematic illustration of the two-component framework with the expected
age  differences (on the x-axis) in binding (in dark) and top-down control processes
(in light) and their effects on WM performance (on the left y-axis) depending on task
difﬁculty (on the right y-axis). The interaction of binding component and top-down
control component underlies WM performance and gives rise to typical age differ-
ences on the behavioral level as indicated by the total height of the bars. (Binding and
top-down control components are presented as additive factors for illustration pur-
poses only.) Both components show age-differential trajectories across the lifespan.
The functionality of the binding component almost reaches the young adults’ level
in  children, but is reduced in older adults. Both children and older adults differ from
young adults with regard to the functionality of the top-down control component.
The  reliance on the binding component and on top-down control differs between
age groups and between task conditions. For example, with low task difﬁculty, WM
performance may rely primarily on the binding component whereas with high task
difﬁculty, the successful interaction of the two  components is necessary for a given
WM  performance. A given level of task difﬁculty may  tax the two  components to a
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in age-comparative settings. This observation applies to behav-
ioral studies (but see Cowan et al., 2005, 2010, 2006; Riggs et al.,
2006), and especially to electrophysiological studies (see Jost et al.,
5 Note that according to the traditional view of WM referring to “storage plus
manipulation” (Baddeley, 2003), the change detection task would qualify as a “pure
storage” task, and performance accordingly as visual short-term memory (VSTM)
performance, not as WM performance. Neural models of WM challenge this theo-
retical distinction and argue for rather relative changes in the contribution of control
processes to different tasks (D’Esposito et al., 1999; Postle, 2006; Ranganath, 2006;ifferent degree in the different age groups, giving rise to age-differential patterns
f  neuronal measures of WM performance.
elated to the development of WM capacity (Nagy et al., 2004).
ognitive development in middle and later childhood appears to
epend on changes in the conﬁguration of the brain network, in
eneral, and the increasingly reliable recruitment of prefrontal
egions under conditions of high load and distracting information,
n particular (Bunge and Wright, 2007; Fair et al., 2009; Luna, 2009).
n terms of the two-component framework, the preceding observa-
ions lead to the central proposition that low-level feature binding
nd cognitive control processes contribute differentially to WM
t different periods of the lifespan. Based on this proposition, we
ould expect both commonalities and discrepancies in WM perfor-
ance and its neural implementation as a function of age across the
ifespan (see Fig. 1, illustrating the rationale of the two-component
ramework with regard to WM performance):avioral Reviews 36 (2012) 2007–2033
First, less efﬁcient prefrontal functioning in both children and
older adults can be expected to lead to lower WM performance
relative to younger adults. This ﬁnding would be consistent with
theories that emphasize the critical role of the frontal lobes in cog-
nitive child development (Dempster, 1992; Diamond, 2002) and
aging (Hasher et al., 2007; West, 1996). The evidence reviewed
above suggests that the involvement of prefrontal brain regions
depends on task difﬁculty and performance level (Luna, 2009;
Reuter-Lorenz and Park, 2010; Schneider-Garces et al., 2010). In
line with this conjecture, children and older adults may  show espe-
cially large behavioral deﬁcits relative to younger adults when
confronted with high WM load, distracting or irrelevant informa-
tion, or both (see Gazzaley et al., 2008; Olesen et al., 2007).
Second, dissimilarities between children and older adults can be
expected in the binding component and its interaction with top-
down control. The binding component is supposed to be relatively
mature in children, but compromised in older adults. Accordingly,
when performance mainly relies on posterior regions, that is, under
easy conditions, children’s performance might be more similar
to younger adults’ than to older adults’. In contrast, older adults’
performance may  suffer from impaired binding mechanisms even
under conditions that impose relatively low demands on top-down
control. Older adults may  tend to counteract this hypothesized
binding impairment by recruiting frontal regions, resulting in an
altered interaction between low-level binding processes and top-
down control relative to younger adults (Table 1).
Preliminary empirical support for these hypotheses has been
obtained in our lab by comparing lifespan samples of children,
younger, and older adults in the change detection task (Luck
and Vogel, 1997; Vogel and Machizawa, 2004). In this paradigm,
observers are brieﬂy presented with a memory array contain-
ing a variable amount of information. After a retention interval –
typically one second – the observer compares the representation
maintained in WM to a probe array in which one item has or has
not been changed5. Based on the correct and incorrect answers to a
varying number of presented items, the change detection paradigm
yields an estimate of the individual WM capacity, the so-called
k-score (Cowan, 2001; see Pashler, 1988, for the ﬁrst introduc-
tion of the formula). The k-score is computed as follows: k = (hit
rate − false alarm rate) × set size. Accordingly, the k-score reaches
an asymptote for large set sizes and is therefore considered as a sta-
ble behavioral marker of visual WM capacity. Based on the k-score,
the capacity limit of WM has been estimated to be about 3–4 items
in younger adults.
Alone and in combination with neuroimaging techniques, the
change detection paradigm yields several markers of WM perfor-
mance that provide valuable insights into the mechanisms and
capacity limits of visual WM (e.g., Grimault et al., 2009; Luck
and Vogel, 1997; Sauseng et al., 2009; Todd and Marois, 2004,
2005; Vogel and Machizawa, 2004; Vogel et al., 2005; Wheeler and
Treisman, 2002).
So far, the change detection tasks have only rarely been usedZimmer, 2008) and in different age groups (Reuter-Lorenz and Park, 2010). These
differences in opinion and terminology are reﬂected in the literature, which refers
to  the change detection task as a paradigm for assessing either VSTM or WM.  In the
present review, we refer to the change detection paradigm as a WM task.
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Table 1
Exemplary studies illustrating the range of methods and paradigms used to uncover age-graded differences in WM functioning across the lifespan. The cited studies are described in greater detail in the text. They provide initial
empirical  evidence for the two-component framework of lifespan WM development proposed in this article.
Component Study Participants’ age Paradigm Method Focus on Major ﬁnding
Evidence from lifespan research
1, 2 Cowan et al. (2006) CH 8–12 yrs;YA; OA 65–85 yrs Visual change detection task
with colored squares
Behavioral performance
measures
Age-graded differences in the
ability to keep item
information and item-location
binding information in WM
CH and OA showed lower WM
performance than YA.
OA had an additional binding deﬁcit
when item- and binding-change trials
were mixed together.
2  Müller et al. (2009) CH 9–11 yrs, 11–13 yrs; YA; OA
64–75 yrs
Auditory oddball task EEG: Whole and evoked power
as well as phase
synchronization within and
between electrodes
Age-graded differences in
neural coding
Lower local phase synchronization,
higher delta and theta power, and
lower long range synchronization in
younger CH relative to YA.
OA show higher phase synchronization
across trials in alpha frequency as well
as  lower evoked and whole power
relative to YA.
2  Werkle-Bergner et al. (2009) CH 10–12 yrs, YA; OA 70–76
yrs
Visual choice-reaction task
with geometric ﬁgures of
varying size
EEG: Evoked gamma power,
gamma band inter-trial phase
stability
Age-graded differences in
low-level feature binding
processes
CH show lower levels of evoked
gamma power and phase-stability than
YA.
In OA, gamma  power is less modulated
by varying stimulus size than in YA.
Evidence  from aging research
1 Gazzaley et al. (2005b) OA 60–77 yrs; YA Delayed match-to-sample task
with faces and scenes; items
have to be attended, ignored or
passively viewed
MRI: BOLD Enhancement or suppression
of activity relative to passive
viewing condition in
stimulus-speciﬁc (posterior)
regions of interest
Relative to YA, OA  show selective
impairments in suppressing irrelevant
information, while the enhancement of
relevant information is preserved.
Suppression impairments among OA
are related to memory performance.
1  Gazzaley et al. (2008) OA 60–72 yrs; YA see Gazzaley et al., 2005b EEG: ERPs and oscillatory
activity
Enhancement or suppression
of amplitudes relative to
passive viewing condition in
posterior regions
Relative to YA, OA  show selective
impairments in suppressing irrelevant
information, in particular during early
time-windows (P1, N1), but not later
time-windows (alpha
oscillations).Suppression impairments
among OA  are related to memory
performance.
1  Jost et al. (2011) OA 64–92 yrs, YA Visual change detection
paradigm with orientation bars
which were marked as relevant
or irrelevant items
EEG: ERPs (contralateral delay
activity)
Contralateral delay activity
over posterior regions during
the retention interval:
Comparison of amplitudes
between conditions with
relevant versus
relevant + irrelevant items
Adult age differences are particularly
pronounced during early time
windows of contralateral delay
activity, suggesting that older adults
pay more attention to irrelevant
information during early visual
processing.
1  Mitchell et al. (2010) OA 64–85 yrs; YA Participants attended (precue)
versus refreshed (postcue)
faces or scenes presented
simultaneously on each trial
fMRI: BOLD Enhancement or suppression
of activity relative to baseline
condition in stimulus-speciﬁc
regions of interest for attend
versus refresh conditions
Age-related deﬁcit in suppressing
activity in extra-striate cortex, in
particular in the “refresh” condition,
but not in the perceptual attention
condition.
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Table 1 (Continued)
Component Study Participants’ age Paradigm Method Focus on Major ﬁnding
2 Carp et al. (2010) OA 61–82 yrs; YA Delayed verbal and
visuo-spatial item-recognition
working memory tasks
fMRI: Multi-voxel pattern
analysis
Multi-voxel pattern analyses to
measure age differences in the
distinctiveness of neural
representations
Relative to YA, distinctiveness of
neural representations is reduced in
OA in early visual areas during
encoding and retrieval. During
maintenance, adult age and load
interactively predict distinctiveness in
prefrontal and parietal regions.
1 Zanto  et al. (2010c) OA 60–83 yrs; YA Delayed-recognition WM
tasks. Lower-level visual
features (color hue and motion
direction) have to be attended,
ignored or passively viewed.
EEG: P1, N1, selection
negativity, event-related alpha
power
Enhancement or suppression
of activity relative to passive
viewing
Relative to YA, OA show a latency delay
of  the selection negativity (SN) and
alpha band activity during WM
encoding. SN predicts subsequent
recognition performance. Shows age
differences in attentional modulation
of  low-level visual features.
Evidence  from child developmental research
1 Crone et al. (2006) CH and YA 8–25 years Object-working memory task
(maintenance/manipulation
condition)
fMRI: BOLD Age-related differences in
delay related activation
patterns during manipulation
of information relative to pure
maintenance.
Age-graded improvements in
performance are associated with
increased recruitment of DLPFC and
superior parietal cortex during the
delay period for manipulation relative
to  maintenance.
1 Olesen  et al. (2007) CH 13 yrs; YA Visuo-spatial WM task with
and without distracters
fMRI: BOLD Age-related differences in
delay and distraction related
activation patterns
Stronger delay activity in YA in middle
frontal gyrus and intraparietal cortex.
Distraction evoked activation in
parietal and occipital cortices in both
YA and CH, and additionally in frontal
cortex in CH.
1,  2 Uhlhaas et al. (2009b) CH and YA 6–21 yrs Gestalt perception task EEG: changes in spectral power
and long-range
phase-synchronization
Age-related differences in
neural coding, development of
functional networks
Age-graded cognitive improvements
are associated to increases in neural
synchrony until adolescence, followed
by a decrease and a period of
reorganization of neural patterns.
1,  2 Doesburg et al. (2010) CH 6–10 yrs Visual short-term memory task
(delayed match-to-sample)
MEG: Long range
synchronization and local
desynchronization of alpha
oscillations
Oscillatory mechanisms of
information processing during
WM  retention interval in
children
Increase in long-range synchronization
within a fronto-posterior network
during the retention interval. Decrease
in  alpha amplitudes over posterior
sensors
2  Yordanova and Kolev (1997) CH 6–11 yrs, YA Auditory oddball task EEG: Event-related alpha
amplitude and inter-trial
phase-stability
Age-related differences in
neural coding
Age-related differences in the
topography of alpha responses.
Increase in alpha phase-stability with
age. Decrease of alpha power with age.
1  Ciesielski et al. (2010) CH 10 yrs; YA Visual WM task (categorical
n-back)
MEG: Event-related alpha
synchronization and
desynchronization
Age-related differences in
anticipation of target detection
Smaller modulation of alpha
desynchronization by target
anticipation in CH. CH may  use
different top-down strategies than YA.
Components: 1: Top-down control/attentional modulation, 2: low level feature binding/quality of neural representation. CH:  children; YA: younger adults; OA: older adults.
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011, for the only study investigating older adults). Hence, our
tudies served two purposes: (a) to describe differences in visual
M between children, younger adults, and older adults in terms of
stablished behavioral and electrophysiological markers of visual
M; (b) to interpret these differences from the lifespan perspective
f the two-component model. Below, we summarize and integrate
he main results.
.1. The interplay of the two components across the lifespan
eﬂected in different markers of WM performance
In the ﬁrst study (Sander et al., 2011a),  we  investigated the
ifespan trajectories of low-level feature binding and top-down
ontrol processes by exploring their relative contributions under
onditions of shorter and longer presentation times in a behavioral
hange detection paradigm with a distracter-free (Experiment 1)
nd distracter (Experiment 2) version (see Fig. 2a and b, respec-
ively). In Experiment 1, memory arrays with a varying number
f colored squares (2–10 items) were presented for 100, 500, or
000 ms  to the participants. Following a 1000 ms  blank retention
nterval, participants had to indicate whether all of the colors of the
resented squares were identical to the memory array or whether
ne of the squares had changed in color. In Experiment 2, par-
icipants saw displays of colored squares and circles and were
nstructed to remember only the colors of the squares. Target set
ize varied from one to ﬁve, including an always equal number
f distracters. The sample of participants included children aged
–12 years, younger adults aged 20–26 years, and older adults
ged 69–76 years. WM performance was estimated at the individ-
al level across a large range of load conditions using a procedure
uggested by Rouder et al. (2008).
Based on the proposition that low-level feature binding is rel-
tively mature in children but compromised in older adults, we
xpected older adults to generally show lower WM performance
han children and younger adults when presentation times are
ast. We  further assumed that WM performance would improve
ith longer presentation times due to increasing reliance on (more
ime-consuming) control processes, necessary to stabilize early
epresentations. Since prefrontal brain regions related to control
rocesses undergo profound changes until young adulthood and
re especially prone to senescent changes, we further hypothe-
ized that both children and older adults would show deﬁcits in
M performance compared to younger adults, even with longer
resentation times. These hypotheses were examined in Experi-
ent 1. In Experiment 2 of the same study, we tested explicitly
or the relation between presentation time and reliance on control
rocesses. We  assumed that simultaneously presented distracters
ncrease the need for control and impair performance in all age
roups, especially under the condition of short presentation times
hen control over stimulus perception is less efﬁcient. We further
ypothesized that distracter effects should decrease with increas-
ng presentation times due to the growing inﬂuence of control
rocesses. We  predicted that children and older adults would not be
ble to fully inhibit irrelevant information even with longer presen-
ation times, reﬂecting less efﬁcient control operations compared
o younger adults. In line with the expected inverted U-shaped
unction of memory performance across the lifespan, visual WM
erformance was lower in older adults and children than in younger
dults, with older adults showing the lowest performance of all
hree age groups.
In accordance with the hypothesized deﬁcits in low-level fea-
ure binding, performance of older adults was lower relative to
hildren and younger adults when presentation times were short.
onger presentation times were associated with better perfor-
ance in all age groups, presumably reﬂecting increasing effects of
trategic selection mechanisms on WM performance (see Fig. 3a).vioral Reviews 36 (2012) 2007–2033 2019
This ﬁnding suggests that top-down control over visual input con-
tributes to WM performance, and needs time to be established. The
ﬁnding of improved behavioral performance in the change detec-
tion paradigm related to longer encoding is at odds with several
studies, reporting that WM capacity is generally independent of
encoding duration (e.g., Gold et al., 2003; Sperling, 1960; Vogel
et al., 2001). Nevertheless, some studies also point to the close
relation between perceptual complexity of items as measured by
visual search rate and WM capacity (Alvarez and Cavanagh, 2004;
Eng et al., 2005). The theory of visual attention even provides an
explicit treatment of the relation between encoding time and WM
(Bundesen, 1990; Bundesen et al., 2005; Shibuya and Bundesen,
1988). In this theory, both visual processing speed and visual span
are considered capacity-limiting parameters. Empirically, the two
factors covary (Habekost and Starrfelt, 2009), pointing to their
close interdependence. Recent studies also suggest that encoding
strategies in terms of attentional selectivity contribute to individual
differences in change detection performance (Cusack et al., 2009;
Linke et al., 2011).
We interpret improved performance with longer presentation
time as a reﬂection of the need to gain control over visual input
to perform successfully (Gazzaley et al., 2005a; Todd et al., 2011;
Vogel et al., 2005). This interpretation is in line with the time-
based resource sharing hypothesis of WM (Barrouillet and Camos,
2007), suggesting that time plays a major role in determining the
effect of control processes on performance. In agreement with this
interpretation, the inﬂuence of distracters on performance was
less detrimental with longer than with shorter presentation time,
regardless of age. In the presence of distracters, top-down con-
trol may  be necessary to bias incoming information (Desimone
and Duncan, 1995; Miller and Cohen, 2001), allowing for the
enhancement of relevant information and the suppression of irrel-
evant information (Gazzaley et al., 2005b).  Accumulating evidence
suggests that individual differences in WM maintenance may be
mainly determined by differences in information selection prior
to WM maintenance (e.g., Gazzaley, 2011; Gazzaley et al., 2007;
Vogel et al., 2005). From a process-oriented view of WM,  capac-
ity measures are a complex function of various cognitive processes
that have to be accomplished successfully. Therefore, variations in
WM capacity measures such as the k-score as a function of encod-
ing time may  not necessarily reﬂect differences in terms of “stored
items.” Instead, they may  indicate more efﬁcient encoding mech-
anisms, both in terms of more efﬁciently bound information and
more stabilized representations that facilitate WM maintenance.
In line with the assumption of less efﬁcient control processes at
both ends of the lifespan, distracter effects were larger in children
and older adults than in younger adults and even persisted at with
long presentation times (see Fig. 3b).
In summary, this study provided initial support for the
age-differential contribution of low-level feature binding and
control processes to WM performance, extending the former
two-component framework suggested by Shing et al. (2008).  We
followed up on these results by examining two  electrophysiologi-
cal measures of WM performance, namely the contralateral delay
activity (CDA) and (lateralized) alpha oscillations in a lifespan set-
ting. We  will ﬁrst turn to the CDA.
Some of the prior studies with the change detection paradigm
have taken EEG measurements to obtain a better understanding
of the neural mechanisms underlying WM performance. By using a
cued version of the change detection paradigm, researchers discov-
ered a new neural marker of WM capacity, the CDA (McCollough
et al., 2007; Vogel and Machizawa, 2004), also called sustained
posterior contralateral negativity (SPCN; Jolicoeur et al., 2008). In
this variant of the paradigm, observers are cued to one hemiﬁeld
prior to the presentation of the memory array, and are instructed
to only memorize the items of the relevant hemiﬁeld. Vogel and
2020 M.C. Sander et al. / Neuroscience and Biobehavioral Reviews 36 (2012) 2007–2033
Fig. 2. Note: Different patterns of the items represent different colors. (a) Change-detection task used in Sander et al. (2011a), Experiment 1. Memory arrays with 2–10
colored squares were presented for 100, 500, or 1000 ms,  followed by a delay (1000 ms)  and a probe array. Participants had to indicate whether one of the squares had
changed its color or not. Afterwards, participants judged the conﬁdence in their response. (b) In Experiment 2 (Sander et al., 2011a), irrelevant distracters (colored circles)
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aried as in Experiment 1. (c) A cued version of the change-detection task was use
ndicated which hemiﬁeld should be attended, i.e. the hemiﬁeld containing the rele
olleagues (McCollough et al., 2007; Vogel and Machizawa, 2004)
bserved that during the delay period of the task, the event-related
otential (ERP) over posterior electrodes became more negative
ontralateral than ipsilateral to the attended hemiﬁeld. Further-
ore, they found that the difference wave between contralateral
nd ipsilateral activity (i.e., the CDA) has an interesting property:
ig. 3. (a) WM capacity estimates (on the y-axis) for children, younger adults and older a
roups show better WM performance with longer presentation time. Age group differen
=performance decrements due to the presentation of distracters; on the y-axis) for ch
emory array (on the x-axis). All age groups show smaller performance decrements with 
istracter effects than younger adults.
ource:  Adapted from Sander et al. (2011a).hanged in color. Load levels ranged from 1 to 5 targets and presentation times were
ander et al. (2011b, 2012).  A left/right cue presented before memory display onset
tems.
Its amplitude increases with increasing load, but only up to the
capacity limit of WM.  Thus, in correspondence to the k-score, the
amplitude of the CDA plateaus around 3–4 items. Furthermore,
Vogel and Machizawa (2004) observed strong correlations between
the CDA and the k-score. Therefore, the CDA has been proposed
to be an online marker of memory content (Ikkai et al., 2010;
dults as a function of presentation time of the memory array (on the x-axis). All age
ces are signiﬁcant irrespective of presentation time. (b) Relative distracter effects
ildren, younger adults and older adults as a function of presentation time of the
1000 ms  presentation time than with 100 ms.  Children and older adults show larger
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adults (Sander et al., 2012). The lateralized presentation of rele-
vant items implied the need to suppress irrelevant items from the
other hemiﬁeld. Therefore, alpha power was  expected to be higher
6 A recent study by van Dijk et al. (2010;  see also Mazaheri and Jensen, 2008)
suggests a close relationship between the CDA and the lateralized alpha power
difference. According to these authors, alpha amplitude modulations may  occur
asymmetrically around baseline. Oscillatory peaks would then be more strongly
modulated than troughs, resulting in slow potential drifts such as the CDA. This
reasoning suggests that the CDA does not reﬂect retention per se, but rather theM.C. Sander et al. / Neuroscience and B
cCollough et al., 2007). A related component has been observed in
EG  recordings, called sustained posterior contralateral magnetic
esponse (SPCM; Robitaille et al., 2009; see Mitchell and Cusack,
011, for a detailed account of similarities and differences between
ontralateral and bilateral EEG and MEG  markers). Several studies
oint to parietal sources for the CDA (Mitchell and Cusack, 2011;
obitaille et al., 2009, 2010) with a primary candidate neural source
eing the IPS (Drew and Vogel, 2008).
Despite its posterior distribution, and in line with the dynamic
nd distributed view of WM summarized above, it is likely that
DA amplitudes are inﬂuenced by both feed-forward and feed-
ack processes from more sensory and frontal regions (Corbetta
t al., 2008; McCollough et al., 2007). For example, CDA ampli-
udes have been shown to vary across conditions despite identical
timulation, depending on the instruction to memorize the color
f bars, the orientation, or both (Woodman and Vogel, 2008). This
bservation strongly suggests that the amount of top-down control
equired by the task modulates CDA amplitudes. Investigating the
ffect of reward on visual search, Kiss et al. (2009) found enhanced
DA amplitudes for high-reward targets compared to low-reward
argets. Furthermore, a difference wave very similar to the CDA
bserved in visual search tasks (Emrich et al., 2009) predicts WM
erformance, pointing to the close relation between processes reg-
lating attention and WM.  In a similar vein, Drew and Vogel (2008)
bserved a load-dependent modulation of the CDA during multiple
bjects tracking, where slope of the modulation predicted individ-
al tracking capacity.
In particular, the load-dependent scaling of the CDA appears to
eﬂect differences in the relative contribution of top-down control.
n a recent study investigating patients with unilateral PFC lesions,
oad modulations of the CDA were only observed ipsilesional, but
ot contralesional (Voytek and Knight, 2010). The authors sug-
ested that PFC lesions lead to a loss in top-down facilitation
ontributing to WM performance. The degree of top-down control
ver WM content, as reﬂected in CDA amplitudes when confronted
y distracting information, has also been found to predict individ-
al differences in WM performance (Fukuda and Vogel, 2009; Vogel
t al., 2005). A recent study by Eimer and Kiss (2010) found that
 sustained posterior negativity could also be elicited when post-
ues after the presentation of bilateral memory arrays indicated
he hemiﬁeld of the target, again pointing to the involvement of
op-down control.
At the same time, the CDA not only varies as a function of
op-down control, but also by stimulus attributes. For example,
rientation bars (McCollough et al., 2007) or polygons (Luria and
ogel, 2011) elicit larger amplitudes than colored squares. Further-
ore, these results are in line with the assumption that binding
rocesses occur brieﬂy after stimulus presentation (Hommel and
olzato, 2004). Hence, based on the available evidence, we  propose
hat mechanisms related to top-down control as well as processes
elated to binding inﬂuence the CDA.
Based on the assumption that lifespan age differences in visual
M may  be brought about by age-differential recruitment of low-
evel binding and top-down control processes, we investigated
hether CDA modulations by WM load in three different age groups
ould vary depending on the possibility to control WM content,
hat is, under conditions of shorter versus longer presentation
imes (Sander et al., 2011b). EEG was recorded from a sample of
2 children (aged 10–13 years), 12 younger adults (aged 20–26
ears), and 22 older adults (aged 70–76 years). A hemiﬁeld ver-
ion of the change detection task was used (see Fig. 2c). Load
evels (2 and 4 items) and presentation times (100 and 500 ms)
f the memory array were varied within subjects. To allow age-
air comparisons, a data-driven approach was chosen to determine
ime windows (TOI) and ROI for each age group and presen-
ation time condition. This statistical procedure yielded reliablevioral Reviews 36 (2012) 2007–2033 2021
negative-going contralateral activity during the retention interval
within a cluster of electrodes at posterior-parietal locations. Addi-
tional frontal effects were observed in children and older adults
under the condition of longer presentation time. Behavioral mark-
ers of WM capacity showed the expected lifespan pattern, with
younger adults reaching higher k-scores than older adults, and
children performing in-between the two adult age groups. Further-
more, performance increased with longer presentation times in all
age groups. Hemispheric differences were present in all age groups,
suggesting that participants of all age groups were able to shift
their attention to the cued hemiﬁeld as instructed. With short pre-
sentation times, the CDA showed (a) the expected load-dependent
modulation in younger adults, (b) smaller, but still reliable load
modulation in older adults, but (c) no load modulation in chil-
dren. With long presentation time, the load effect (a) disappeared
in younger adults, (b) remained reliable in older adults, (c) and
appeared in children. This pattern of ﬁndings conﬁrms that the CDA
is strongly modulated by load. As a qualiﬁcation to this observa-
tion, we propose that the load modulation of the CDA is seen only
if successful WM performance depends on the interaction between
binding and control processes. Hence, CDA amplitude does not vary
with load when top-down control is impossible (i.e., in children
with fast presentation time) or not needed (i.e., in younger adults
with slow presentation time). Based on this proposition, we  sug-
gest that the CDA may  serve as a useful indicator for studying age
differences in the top-down control of WM performance.
WM performance depends not only on successful retention of
relevant information but also on efﬁcient suppression of irrele-
vant information. In the time domain, Vogel et al. (2005) provided
neurophysiological evidence for a close relation between “ﬁlter efﬁ-
ciency” and visual WM performance. Further recent evidence from
the time-frequency domain (Sauseng et al., 2009) underlines this
hypothesis. Using a cued version, Sauseng et al. (2009) observed
larger ipsilateral than contralateral alpha oscillations (∼8 to 12 Hz)
during the delay period. The lateralized alpha power difference
showed an increase with load and predicted individual WM capac-
ity. In contrast to interpretations of the CDA, the lateralized alpha
power difference has been interpreted in terms of inhibition pro-
cesses related to visual WM maintenance, instead of a reﬂection of
the amount of WM content6.
Theories in child development (e.g., Diamond, 2002) and cogni-
tive aging (e.g., Hasher and Zacks, 1988) postulate that inhibition
processes are impaired in both children and older adults relative to
younger adults. However, it has not yet been investigated whether
effects of maturation and senescence can be observed in alpha-band
oscillations reﬂecting WM-related inhibition processes. Recent evi-
dence suggests that older adults may  be affected by an early
inhibition deﬁcit (e.g., Gazzaley et al., 2008), leading to unneces-
sary encoding of irrelevant information. Accordingly, we examined
the effect of varying WM load on lateralized alpha power in a cued
change detection paradigm in children, younger adults and oldercontribution of inhibition processes to WM performance. The ﬁnding of a close rela-
tion between CDA and alpha amplitude modulation further strengthens the view
that the CDA is an indicator of top-down control over WM content. This perspec-
tive, which runs counter to the standard interpretation as a direct reﬂection of WM
content, needs to be tested in future work.
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and parietal cortices.
With respect to normal aging, several studies indicate that022 M.C. Sander et al. / Neuroscience and B
psilateral to the relevant hemiﬁeld. If maturational or senescent-
elated changes in inhibition processes affect WM performance,
he load-dependent modulation of EEG alpha-band measures of
ower should differ across age. In addition, we also examined age
ifferences in early information processing as indexed by phase-
tability measures. Based on earlier ﬁndings (Müller et al., 2009),
e expected greater stimulus-locked phase stability at encoding
n older adults relative to children and younger adults. EEG was
ecorded from 20 children (aged 10–13 years), 12 younger adults
aged 20–26 years), and 20 older adults (aged 70–76 years). Partici-
ants performed a cued change detection task (see Fig. 2c) requiring
he selective maintenance of a varying number of items from the
ued hemiﬁeld. To control for group differences in performance
evel, we used age-adapted load levels with low, medium, and high
oad referring to 2–4 items for children and older adults, and 2,
 and 5 items for younger adults. Age differences in the effect of
M load on alpha power differences between the ipsi- and con-
ralateral hemisphere were of main interest. For each participant,
e determined the individual alpha frequency (IAF) and examined
lpha power during the retention interval. In addition, we  used the
hase-locking factor (PLF), an index of inter-trial phase stability, to
xamine age differences in stimulus encoding.
At the behavioral level, group differences in overall accuracy
ere absent, suggesting that the use of age-differential load levels
ompensated age-differences in performance. Given that similar
evels of performance were achieved under different load levels,
he estimation of k-scores resulted in the typically observed pat-
ern of age differences, with higher scores for younger adults than
hildren and older adults. On the neural level, reliable age dif-
erences were found for both lateralized alpha-band power and
hase stability. Replicating previous results (Sauseng et al., 2009),
e found larger alpha power ipsilateral to the attended hemiﬁeld
n younger adults. Furthermore, the difference between ipsilat-
ral and contralateral power showed a load-dependent increase,
ossibly reﬂecting increasing inhibition processes due to the grow-
ng number of irrelevant items. Like younger adults, children and
lder adults showed differences in lateralized alpha power for small
ersus medium load conditions. This ﬁnding shows that indicators
f attentional selection or inhibition processes can be observed in
hildren and older adults. However, under conditions of high load,
emispheric differences in alpha power were absent in these two
ge groups (see Fig. 4). We  suggest that deﬁcits in exhibiting stable
nhibitory control under highly challenging conditions as indexed
y alpha oscillations may  contribute to age differences in perfor-
ance.
In addition to age differences in alpha power during the reten-
ion interval, we also observed age differences in alpha inter-trial
hase stability just after stimulus presentation. All three age groups
howed increased inter-trial phase stability around 180–240 ms
fter stimulus onset. Children and younger adults did not differ in
nter-trial phase stability, but older adults showed higher phase
tability than the two groups (see also Müller et al., 2009). We
uggest that higher phase stability in older adults relative to other
ge groups indicates a greater degree of entrainment by external
timuli, possibly reﬂecting a loss of complexity of the neurophysi-
logical response with advancing age. The loss of complexity may
lso be at the origin of the early inhibition deﬁcit postulated by
azzaley and colleagues (e.g., Gazzaley et al., 2008).
Overall, the results point to age differences in oscillatory mech-
nisms underlying inhibition processes and WM performance
uring both early and later stages of information processing. The
bserved differences in inter-trial phase stability between children
nd older adults are consistent with the theoretical notion that
imilar levels of cognitive performance may  reﬂect different mech-
nisms at different ages (Baltes et al., 2006; Craik and Bialystok,
006).avioral Reviews 36 (2012) 2007–2033
3.2. Commonalities and dissimilarities in WM performance
across the lifespan
The two-component framework of memory across the lifespan
suggests that WM performance can be seen as the result of the suc-
cessful interplay between low-level feature binding and top-down
control. This interplay relates posterior to frontal brain regions
and regulates their interaction in a distributed neural network. We
postulated that the relative contribution of top-down control and
binding mechanisms is not invariant across task conditions. Specif-
ically, binding processes may contribute critically to performance
when processing time is limited, whereas performance may  rely
more strongly on top-down control when time constraints are less
stringent. In addition, we assumed that the relative contributions
of top-down control and binding mechanisms to WM performance
change from childhood to early adulthood, and from early adult-
hood to old age. Given the heterochronic nature of maturational
brain changes, most of the mechanisms supporting low-level fea-
ture binding are relatively functional in children, whereas those
supporting top-down control show a maturational lag, reﬂecting
the late maturation of the prefrontal lobes. In contrast, both mecha-
nisms of low-level feature binding and top-down control processes
would be impaired in older relative to younger adults because nor-
mal  aging is marked by widespread cortical decline (e.g. Raz et al.,
2005).
In line with cognitive WM theories (e.g. Baddeley, 2003; Cowan,
2001; Engle, 2002; Kane et al., 2001), our studies support the con-
tribution of top-down control to WM performance. Signatures of
top-down control can be found in all three age groups, in terms
of (a) improved performance and smaller distracter effects with
longer presentation time, and (b) attentional modulation of pos-
terior event-related potentials and alpha power. These ﬁndings
suggest that top-down control inﬂuences WM performance from
middle childhood to old age, and provide additional support for
the claim that the basic neural architecture of top-down control is
present early in child development (Luna, 2009) and continues to
be operational in old age (Gazzaley et al., 2008).
Besides commonalities across age groups, we  also observed
important differences between age groups that are consistent with
the available evidence on age-graded changes in the brain areas
supporting WM.  Maturational and senescence-related changes are
especially pronounced in the PFC (Klingberg, 2006; Klingberg et al.,
2002; Raz et al., 2005; Raz and Rodrigue, 2006), a brain region
critically related to the top-down control of WM (Desimone and
Duncan, 1995). Accordingly, prominent theories of child develop-
ment (Diamond, 2002) and aging (Hasher and Zacks, 1988; West,
1996) posit an age-related impairment in the inhibition of irrele-
vant information (Dempster, 1992; Fuster, 2002). In line with these
assumptions, our studies provided evidence for immature top-
down control in children and age-related decline in older adults.
First, both older adults and children showed larger distracter
effects than younger adults. Furthermore, distracter effects in older
adults and children persisted with long presentation time, whereas
younger adults were able to efﬁciently suppress distracters under
this condition. Available neural evidence relates larger distracter
effects in children and older adults to prefrontal dysfunctions.
For example, in a study by Olesen and colleagues (2007), larger
behavioral distraction effects in children compared to younger
adults were paralleled by stronger frontal sulcus activity in chil-
dren, presumably reﬂecting their tendency to process distracting
information. Within the group of younger adults, more distracter-
resistant representations were related to stronger activity in frontalolder adults are more impaired by distracters than younger adults,
especially when WM load is high (Gazzaley et al., 2008, 2005b).
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Fig. 4. Difference between ipsilateral and contralateral alpha power (=lateralized alpha power; on the y-axis) for children (left), younger adults (middle) and older adults
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ource:  Adapted from Sander et al. (2012).
EG studies show that older adults suppress information less
fﬁciently during early stages of WM processing than younger
dults, with cascading detrimental effects on later WM processing
Gazzaley et al., 2008; Jost et al., 2011; Stoermer et al., submitted for
ublication; Zanto et al., 2010a,c). Our behavioral results (Sander
t al., 2011a)  add to these ﬁndings by suggesting that adult age
ifferences in distracter suppression are particularly pronounced
hen demands on controlled processing are high, that is, under
onditions of high WM load or short presentation time. In sum, it
s likely that: (a) older adults and children proﬁted from increasing
resentation time by recruiting top-down control processes that
tabilize relevant representations and ﬁlter out irrelevant ones, (b)
reater distracter effects in children and older adults relative to
ounger adults persisted with long presentation times because of
eﬁciencies in early top-down control.
Additional insights into lifespan differences in top-down control
ere gained by investigating the load-dependent modulation of
ateralized alpha oscillations. Top-down control and related inhibi-
ion processes may  contribute to WM performance not only during
arly selection, but also during maintenance processes to stabi-
ize representations. As shown in a study with younger adults by
auseng et al. (2009),  successful WM performance depends on inhi-
ition processes during the maintenance phase of WM.  In our study
e observed that high load conditions that exceeded the age-group
peciﬁc capacity estimates resulted in hemispheric differences in
ateralized alpha power that were not reliably different from zero.
pparently, then, inhibitory control of WM broke down in both
hildren and older adults under challenging task conditions.
Recently, Rissman et al. (2009) reported that younger adults
ailed to inhibit irrelevant distracters and did not show reliable sig-
atures of neural suppression when WM load was  high, whereas
eural markers of enhancement were not reliably modulated by
M load. Rissman et al. (2009) concluded that cognitive control
ecessary for distracter suppression cannot be exerted when WM
apacity is overly taxed. Due to the age-speciﬁc adaptation of WM
oad, children and older adults did not differ from younger adults
n mean performance level under high load conditions. Neverthe-
ess, younger adults showed reliable alpha power lateralization
nder this condition. Thus, our results suggest that inhibition pro-
esses in WM are less robust in children and older adults than in
ounger adults, even at equivalent levels of difﬁculty. This ﬁnding
peaks to a current debate in child development and aging. Accord-
ng to one view, neural correlates are largely invariant across age
roups when accounting for task difﬁculty and performance level
Schneider-Garces et al., 2010). The alternative view suggests that
lder adults and children are likely to recruit different or additional
rain regions even when behavioral performance is equal (Luna, lateralized alpha power is less robust than in younger adults for levels of high WM
lots for the different age groups.
2009). Our results suggest that age groups may  recruit the same
neural mechanisms when equating for performance. However, in
the case of WM overload, the processing systems of younger adults
continue to exert inhibitory control over WM contents, whereas
inhibitory control seems to wane in children and older adults. In
summary, our results suggest that inhibitory top-down control over
WM content is less efﬁcient in children and older adults than in
younger adults.
In addition to studying inhibition processes during retention,
our results also followed up on early selection deﬁcits in older
adults by investigating the inter-trial phase stability of ongoing
alpha oscillations soon (i.e., around 180–240 ms) after stimulus
presentation. Children and younger adults did not differ in inter-
trial phase stability, whereas older adults showed greater inter-trial
phase stability than children and younger adults. At ﬁrst sight, this
ﬁnding seems to defy aging theories that posit a nosier neurophys-
iological system with advancing age (Li et al., 2006; MacDonald
et al., 2006; Welford, 1981; but see Garrett et al., 2010; McIntosh
et al., 2010). However, our ﬁnding is not without precedent. For
example, Müller et al. (2009) observed stronger phase locking in
older than in younger adults in an auditory oddball task. Within
the sample of older adults, stronger phase locking was negatively
correlated with measures of perceptual speed. Recent ﬁndings from
our own  lab also suggest that individual WM performance differ-
ences may  relate differentially to early phase stability in younger
and older adults (Werkle-Bergner et al., 2012). Thus, it appears
like some amount of variability may  be necessary for optimal neu-
ral functioning and does not simply represent noise in the neural
system (Garrett et al., 2010). Accordingly, the increased inter-trial
phase stability in older adults may indicate a loss of complexity
in the neurophysiological response (Cantero et al., 2009; cf. Müller
et al., 2009). One possible consequence may  be that the response
becomes more easily entrained by external stimulation. In agree-
ment with this line of reasoning, the early inhibition deﬁcit of older
adults reported in several recent studies could reﬂect an inability
of older adults to resist neural entrainment by the visual stimulus.
In sum, our studies revealed both similarities and differences
between children and older adults. In line with the two-component
framework of WM,  older adults and children showed less functional
top-down control processes than younger adults. In addition, older
adults showed a unique effect, namely, a larger inter-trial phase-
stability that may be closely related to less differentiated processing
in posterior regions of the brain, perhaps due to deﬁciencies in the
binding component of working memory (for a similar argumenta-
tion see Werkle-Bergner et al., 2012).
So far, the binding component has been empirically underi-
dentiﬁed in all three of our studies (Sander et al., 2011a,b, 2012);
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learly, further research is needed. Therefore, the present experi-
ents provide only indirect evidence for the claim that low-level
inding processes are relatively mature in children but impaired
n older adults. Nevertheless, several ﬁndings in this context are
orth emphasizing: Despite similarities between children and
lder adults in the control component of WM,  children usually
utperformed older adults. This was especially true for condi-
ions with short presentation times, where the relative demands
n the binding component are arguably larger. Given that bind-
ng processes establish memory traces, these group differences
ay  be interpreted in terms of more functional binding processes
n children relative to older adults. Similarly, the stronger phase-
tability observed in older adults (Sander et al., 2012) may  point
o less distinct representations brought about by aging-related
inding impairments in older adults (cf. Craik, 2006). In addi-
ion, the age-differential contribution of the two components and
heir interaction may  be inferred from the age-differential patterns
bserved for the CDA (Sander et al., 2011b). Previous studies sug-
est that the CDA can be considered as an online marker of WM
ontent in terms of number of items currently maintained (Ikkai
t al., 2010; McCollough et al., 2007). Interestingly, recent evidence
evertheless points to the inﬂuence of binding processes and top-
own control on the CDA. For example, CDA amplitudes reach their
symptote for complex stimuli earlier than for simple stimuli (Gao
t al., 2009; see also Luria et al., 2009). The observation that the
DA varies as a function of stimulus characteristics suggests that
ts amplitude may  be related to the efﬁciency of binding features
nto compound objects. Furthermore, the CDA is closely related to
ttentional processes (Drew and Vogel, 2008; Emrich et al., 2009)
nd intact prefrontal control (Voytek and Knight, 2010).
In light of these considerations and the observed age-differential
atterns in relation to behavioral measures, we proposed that the
DA reﬂects the successful interplay between binding and control
rocesses, and not just the content of WM per se.  By relating the
bserved age differences in load- and time-dependent CDA mod-
lations to previous evidence, the results can be interpreted as
ignatures of lifespan changes in the interaction between binding
nd control processes.
.3. Contributions of a lifespan perspective to theoretical models
f WM
How does a lifespan perspective on working memory contribute
o the ongoing debate about the nature of WM capacity limits? Cur-
ently, two contrasting positions dominate the discussion: The slot
odel of WM assumes that the maximum number of objects that
an be held in memory deﬁnes the WM capacity limit (Anderson
t al., 2011; Barton et al., 2009; Cowan, 2001; Luck and Vogel, 1997;
ouder et al., 2008; Zhang and Luck, 2008). This view competes with
he ﬂexible resource model (Bays et al., 2009, 2011; Bays and Husain,
008; Fougnie et al., 2010; Huang, 2010; Wilken and Ma,  2004),
ccording to which capacity limits derive from a ﬁxed amount of
 common resource that can be ﬂexibly distributed among items
aintained in WM.  This model assumes that the ﬁdelity or preci-
ion of representations will diminish with increasing set size. Both
his debate and the closely related discussion about the nature of
M representations has not been settled so far, and evidence for
ither view has been reported.
The nature of WM representations has originally been investi-
ated by means of behavioral studies using the change detection
aradigm. In their seminal work, Luck and Vogel (1997;  see also
ogel et al., 2001) investigated WM capacity for objects and fea-
ures. For example, they compared performance in the change
etection task under a condition in which an observer had to mem-
rize four simple uni-colored objects compared to four bi-colored
bjects, thus eight features. They observed that additional featuresavioral Reviews 36 (2012) 2007–2033
can be maintained at no performance cost. Based on a series of
experiments, they came to the conclusion that WM contains objects
rather than features and that the WM capacity limit is deﬁned in
terms of the number of objects to be memorized. They suggested
that the underlying mechanism of the object-based limit could be
neural synchronization (Singer and Gray, 1995). Accordingly, mul-
tiple features can be maintained in WM provided that they can be
bound together to form integrated objects.
This view of object-based limits in WM has been challenged, as
several studies failed to replicate these ﬁndings (e.g., Delvenne and
Bruyer, 2004; Parra et al., 2009; Wheeler and Treisman, 2002). Also,
if the number of objects determines the upper limit of WM,  the def-
inition of what constitutes an object becomes critical. Some studies
point to a close relation between the complexity of the presented
items and WM capacity. For example, Alvarez and Cavanagh (2004)
measured the “visual information load” of different object classes
by their respective visual search rate. They found that WM capacity
varied substantially across objects, that is, the greater the informa-
tion load, the fewer items of that class could be held in memory.
In a similar vein, using a change detection task, Eng et al. (2005)
observed a decrease in WM capacity for more complex stimuli. This
effect was attenuated by the use of longer presentation times. The
authors concluded that perceptual complexity affects WM capac-
ity but does not solely determine it. Nevertheless, these ﬁndings
suggest that the complexity of representations strongly inﬂuences
WM performance (but see Awh  et al., 2007).
At the neurophysiological level, classic studies on the CDA have
provided support for the ﬁxed slot model,  as the level of CDA
amplitudes reaches an asymptote at about four items (Anderson
et al., 2011; McCollough et al., 2007; Vogel and Machizawa, 2004).
However, the inﬂuence of top-down control on different WM per-
formance markers in change detection tasks raises doubts about
the ﬁxed slot model (see above). In addition, recent studies observ-
ing effects of object complexity on CDA amplitudes (Gao et al., 2009;
Luria et al., 2009) challenge this view and suggest that binding pro-
cesses may  critically contribute to WM performance. In line with
lower behavioral performance for more complex than for simple
objects (Alvarez and Cavanagh, 2004; Eng et al., 2005), the CDA
reached an asymptote at a load of only two  items for complex
items in these studies. Contrary to the assumptions of a purely
object-based model of WM,  these results suggest WM performance
may  also depend on the amount of resources needed for the rep-
resentation of individual objects. Complex objects may  consume
more “storage capacity” (Gao et al., 2009) because they are made
up of several features that have to be bound together to build
a coherent representation (Treisman and Zhang, 2006; Wheeler
and Treisman, 2002). To critically examine this view, Luria and
Vogel (2011) investigated differences in CDA amplitudes for single
objects (e.g., a colored square) and conjunctions of features (e.g.,
a bi-colored square). The authors observed large conjunction costs
behaviorally that were accompanied by higher CDA amplitudes for
the conjunction condition relative to the single feature condition
during the initial part of the retention interval (450–600 ms  post-
stimulus). The authors argue that the dissipation of this difference
for later parts of the retention interval (750–1000 ms)  speaks for
the maintenance of fully integrated objects in WM once the rele-
vant binding operations have been completed. Unfortunately, the
authors did not include task conditions with more than two con-
junction objects so that load-dependent modulations of the CDA
above the previously observed limit for complex objects were not
investigated. In any case, the results obtained by Gao et al. (2009),
Luria et al. (2009) as well as Luria and Vogel (2011) may  document
the contribution of binding processes to WM performance.
Regardless of whether features are bound completely prior to
the maintenance process proper such that only integrated objects
are maintained, or whether features are loosely integrated and
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eparately maintained in WM,  the discussion suggests that the inte-
ration of features into compound representations through binding
echanisms is a key function of WM,  and that these compound
epresentations correspond to what is subjectively experienced
s a perceived or remembered object. In addition to binding pro-
esses related to feature binding within objects, binding processes
etween objects (e.g., in terms of relational information) have also
een shown to inﬂuence WM performance in change detection
asks (Jiang et al., 2004, 2000).
How do our results contribute to this discussion? First, we
bserved that visual WM capacity, as measured by the k-score,
aries within individuals as a function of presentation time. This
bservation suggests that visual WM capacity limits are not ﬁxed,
ut depend on the more or less complete execution of a series of
rocessing steps (Sander et al., 2011a,b). Second, the relations of
DA amplitudes to load and presentation time differed between
hildren, younger adults, and older adults, supporting the theo-
etical proposition that both binding and control processes might
nﬂuence this component (Sander et al., 2011b).  Third, we  pro-
ided support for the prior assumption that inhibition processes
elated to alpha oscillations critically support visual WM perfor-
ance (Sander et al., 2012). Thus, the empirical evidence from
ur lab suggests that multiple processes jointly limit visual WM
erformance.
These observations call for the development of an intermediate
iew that contains elements of both the ﬁxed slot and the ﬂex-
ble resource accounts. According to this view, a limited number
f slots may  determine the maximum number of representations
eld in memory, whereas available resources determine the repre-
entational resolution of individual items (Barton et al., 2009; for
 recent review see Fukuda et al., 2010a; Zhang and Luck, 2008).
omputational models have suggested that theta-phase-locked
amma  oscillations provide a temporal coding scheme for WM
aintenance (Jensen and Lisman, 1996; Lisman and Idiart, 1995).
ccording to these models, WM capacity is predicted by the ratio
f theta to gamma  cycles. The upper limit of the possible numbers
f items deﬁned by this ratio conditions the potential for success-
ul binding of within-objects features. This suggestion is closely
elated to the “weak object hypothesis” (Olson and Jiang, 2002),
hich assumes that WM may  be limited by the number of features,
ut that binding of information into integrated objects may  allevi-
te this limitation. Future research needs to clarify whether number
f objects and resolution are two fully orthogonal factors that deter-
ine WM performance (e.g., Fukuda et al., 2010b)  or whether they
re correlated and can be traded against each other.
. Questions for future research
In this article, we suggested a two-component framework of
isual-spatial WM to integrate neural and behavioral evidence on
ge-graded differences and changes in the mechanisms support-
ng WM performance from childhood to old age. Our framework
s not meant to lead to an entirely new theory of visual WM.
owever, our framework provides a general heuristic for deriving
ge-comparative research questions that are informed by recent
dvances in the cognitive neuroscience of working memory, and
hat may  in turn contribute to further advances in the ﬁeld. In the
ollowing, we illustrate the heuristic utility of the framework with
 selection of research questions that await further study.
The ﬁrst question concerns the scope of the proposed frame-
ork. So far, the available studies investigating children and older
dults within the same WM paradigm all used a visual change-
etection paradigm. Thus, the framework has to be tested in
ther domains of WM,  such as auditory and, in particular, ver-
al WM (Baddeley and Logie, 1999). It is well known that WMvioral Reviews 36 (2012) 2007–2033 2025
processing varies, inevitably, by modality and domain. For instance,
the processing of visual stimuli is more likely to activate occip-
ital brain regions, whereas the processing of auditory is more
likely to activate temporal regions. At the same time, available
empirical evidence and neural theories suggest that some of the
basic mechanisms of neural information processing supporting
WM generalize across modalities and domains. In particular, evi-
dence from different modalities and domains strongly support
the general proposition that incoming information is coded in
neural ﬁring rates that are synchronized to represent, transmit,
and maintain coherent representations of that information. Bind-
ing mechanisms of this kind have been observed in both visual
and auditory modalities (e.g. Bertrand and Tallon-Baudry, 2000).
Analogous observations seem to hold in relation to top-down con-
trol mechanisms of selection and maintenance in memory. For
example, with respect to the contribution of alpha oscillations to
inhibitory processes in WM,  recent reviews stress similarities in
signature and function across domains (Weisz et al., 2011). Thus,
at least some of the mechanisms involved in WM may generalize
across modalities and domains. Future studies need to investigate
the extent to which these mechanisms act as domain-general pace-
makers of age-graded changes in WM.
Another important question for future research concerns the
differentiation and speciﬁcation of the two  components, and of
the interactions between them. Cognitive theories have identiﬁed
rehearsal and refreshing mechanisms as key processes of WM per-
formance (Baddeley and Logie, 1999). In line with others (e.g. Awh
and Jonides, 2001; Repovs and Baddeley, 2006) we would argue that
rehearsal in visual-spatial WM is an attention-based mechanism
serving the maintenance of information. One way to rehearse infor-
mation in WM is to shift attention over spatial locations. Another
way is to direct attention to a memory item (Zimmer, 2008),
also referred to as “refreshing” (Raye et al., 2002). Neuroimag-
ing studies have related the initiation of refreshing processes to
anterior PFC, and the refreshing process itself to increased activ-
ity in dorsolateral PFC (Raye et al., 2007). Modulatory effects of
refreshing have been observed in posterior (e.g., stimulus-speciﬁc)
regions (Johnson and Johnson, 2009; Johnson et al., 2007). Studying
the mechanisms of refreshing in an age-comparative setting will
directly contribute to a better understanding of this aspect of top-
down control. Such studies would shed light on the spontaneous
use of rehearsal/refreshing mechanisms, and on the efﬁciency of
these mechanisms in different age groups (for relevant behavioral
evidence, see Schneider et al., 2009). The efﬁciency of top-down
control may  depend on the quality of the representations, point-
ing to interactions between the two  components (see Mitchell
et al., 2010, for a study on refreshing with older adults). Likewise,
further conceptual and empirical reﬁnement of the binding com-
ponent may  inform age comparisons, especially in relation to the
exploration of age differences at different “levels of binding” (Craik,
2006), such as intra-item binding, inter-item binding, and temporal
ordering (for behavioral aging studies of binding in visual WM,  see
Brockmole et al., 2008; Parra et al., 2009).
Similarly, the role of the parietal cortex in the context of lifes-
pan research and the two-component framework of visual memory
awaits clariﬁcation. The parietal cortices are likely to critically con-
tribute to the interaction between frontal and posterior parts of the
brain, and thus for the two  components suggested in our frame-
work. In particular, the IPS is often considered as an attentional
modulator of distant neural networks (Majerus et al., 2007) and
seems to be involved in WM processes in different modalities and
domains (Cowan et al., 2011; Majerus et al., 2010). Recent evidence
suggests that the parietal cortex links the operation of a supramodal
attention system to modality-speciﬁc processes, pointing to a
hybrid or relay role for this area (Banerjee et al., 2011). Future
age-comparative studies need to elucidate the function of the
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arietal lobe in the interaction between binding and top-down
ontrol component. In children, white-matter microstructural
roperties of the superior longitudinal fasciculus (SLF), which con-
ects parietal and lateral prefrontal cortices, have been found to
elate verbal WM performance (Ostby et al., 2011) and spatial WM
erformance (Vestergaard et al., 2011). Similarly, the cortical thick-
ess of the parietal lobe and of lateral PFC has been related to WM
erformance (Ostby et al., 2011), again in children. Thus, the pro-
racted maturational time course of the parietal region seems to
upport the claim that the interaction between top-down control
nd posterior brain regions functions less efﬁciently in children
p to early adolescence than in younger adults. However, we  note
hat the contributions of structural changes in parietal regions and
ssociated ﬁber tracts to functional and behavioral changes in WM
emain to be explored.
In addition to delineating age-related differences and changes
n the structure and function of individual regions, developmental
lterations in the dynamic interplay among the various nodes of
he WM network need to be examined in greater detail. Measures
f functional connectivity may  offer a useful tool for elucidating
he relevance of age-graded changes in the interaction of the two
omponents for WM performance. Initial studies of this kind point
o profound developmental differences in the conﬁguration and
ecruitment of brain networks in childhood (e.g., Hwang et al.,
010; Jolles et al., 2011) and adulthood (e.g., Andrews-Hanna et al.,
007; Damoiseaux et al., 2008). Developmental changes in child-
ood seem to reﬂect a decrease in short-range connections and
n increase in large-scale connections (e.g., Fair et al., 2009, 2007).
ith respect to changes from childhood to late adolescence and
arly adulthood, the two-component model proposed in this arti-
le leads to the prediction that more posterior binding mechanisms
re increasingly brought under control by frontal top-down mech-
nisms as children grow older.
With respect to changes from early adulthood to late adulthood
nd advanced old age, predictions are less straightforwards, as they
eed to accommodate the large heterogeneity of WM function-
ng in old age (Lindenberger et al., in press; Nyberg et al., 2012).
enerally, normal aging seems to result in a decrease of long-
ange connections between frontal and posterior brain regions
e.g., Andrews-Hanna et al., 2007; Damoiseaux et al., 2008), and
o increased connectivity between hitherto less connected brain
reas (e.g. Cook et al., 2007). Similar to other recent theorires
f WM (Cappell et al., 2010), the two-component framework of
orking memory posits that the conﬁguration of functional inter-
ctions between frontal and posterior depends on task difﬁculty
nd individual performance level (e.g., processing ressources; cf.
insbourne and Hicks, 1978). In addition to more local changes,
ormal aging may  compromise the ability to make use of long-
ange connections for implementing task-relevant interactions
etween feature binding and top-down control. The onset and
egrees of such deleterious system-general changes may  differ
idely across individuals (e.g., Nyberg et al., 2012; cf. Garrett et al.,
012), and their inﬂuence on the functional dynamics of the WM
etwork remains to be explored.
A related promising future research line focuses on the inves-
igation of age-related changes in oscillatory mechanisms of
nformation processing. The available evidence from studies with
ounger adults has provided convincing evidence for the cru-
ial role of temporal synchronization in higher cognition (e.g.,
xmacher et al., 2006; Buzsaki and Draguhn, 2004; Canolty and
night, 2010; Jensen and Mazaheri, 2010; Klimesch et al., 2007;
auseng et al., 2010), and has underscored the need to articulate
ge-graded changes in large-scale and local network properties
cf. McIntosh et al., 2010). What remains unclear is how func-
ional changes in the various frequency bands relate to the early
evelopment and later decline of different cognitive functions. Inavioral Reviews 36 (2012) 2007–2033
particular, the interplay between faster and slower frequencies in
the coordination of top-down and bottom-up inﬂuences (Canolty
and Knight, 2010; Palva and Palva, 2007; von Stein and Sarnthein,
2000) remains to be addressed in age-comparative studies. Evi-
dence based on samples of younger adults suggests that the ratio
of theta-gamma coupling is closely related to the observed capac-
ity limit in WM (Axmacher et al., 2010; Sauseng et al., 2009). So
far, it is not known whether lower WM performance in children
and older adults is due to changes in oscillatory activity in either
theta, or gamma  frequency, the precision of their coupling, or both.
This question needs to be addressed with appropriate statistical
methods in future studies (for a review of available synchronization
measures, see Sauseng and Klimesch, 2008).
5. Conclusion
The goal of this review was to advance the understanding of
lifespan changes in WM performance by taking differential effects
of maturation and senescence on different brain regions and their
interactions into consideration. We  reported behavioral and EEG
evidence from our own lab that aimed to track the ontogeny of
top-down control and binding processes in WM across the lifespan.
In this article, the review of the literature substantiates the
general proposition that children and older adults differ in the
efﬁciency, relative contributions, and temporal dynamics of top-
down control and binding to WM,  despite behavioral similarities
between the two  groups. This line of reasoning exempliﬁes the
lifespan-psychological postulate that aging is not a reversal of child
development (Craik and Bialystok, 2006), and that the cortical func-
tional circuitries underlying cognitive performance differ between
children, younger adults, and older adults, reﬂecting lifespan
changes in the relative contributions and interactions among mech-
anisms of maturation, learning, and senescence (Lindenberger et al.,
2007; Werkle-Bergner et al., 2006). Only few integrated accounts
of lifespan changes in cognition exist (e.g., Baltes et al., 2006, 1999;
Craik and Bialystok, 2006; Lindenberger, 2001; McIntosh et al.,
2010; Salthouse, 1996; Shing and Lindenberger, 2011; Shing et al.,
2010, 2008). Accordingly, the behavioral neuroscience and cog-
nitive psychology of child development and aging rarely make
contact with each other. Integration of theories from both ends
of the lifespan offers the opportunity to provide new insights
for the respective areas. More importantly, one may  argue that
such integration also advances our understanding of cognition
in general. According to this view, a comprehensive account of
brain and behavior requires an understanding of age-graded brain
changes, behavioral changes, and changes in brain-behavior rela-
tions (e.g., Elman et al., 1996; Molenaar, 1986). This perspective
has informed the present review, which has aimed to strengthen
the links between general theories of cognition, behavioral neuro-
science, and lifespan research.
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